







































Inhibitory action by Bacillus flexus strain towards 
Staphylococcus aureus shown to have a unique 
mechanism than Staphylococcus epidermidis 155. 
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antagonism	 trait	 expression	 as	 a	 barrier.	 However,	 genetics	 factors	 and	 adaptive	
pathways	of	bacterial	interactions	remain	uncharacterised.		
	
Using	 a	 two	 species	 system,	 strongly	 antagonistic	 inhibitor-producing	 S.	









transporters.	 Genetic	 analysis	 identified	 that	 allelic	 replacement	 of	 desK	 or	 in-frame	
deletion	 of	 the	 SAOUHSC_01312	 ABC	 efflux	 transporter	 gene	 decreased	 survival	 of	 S.	
aureus	 in	 competition	with	 S.	 epidermidis,	 supporting	 the	 transporter	 as	 a	 resistance	
module.	The	desK	gene	mutant	revealed	reduced	growth	rate	at	both	low	(25°C)	and	high	
(42°C)	 temperatures	 compared	with	 its	 parent	 strain.	Gene	 inactivation	of	 the	desKR	








were	 screened	 for	 those	 that	 inhibit	S.	 aureus	 SH1000	WT	strain	but	not	 a	desR	 SNP	
variant,	 thereby	 identifying	 Bacillus	 flexus	 B003.	 PacBio	 genome	 sequencing	 and	
antiSMASH	 identified	 genome-encoded	 polyketide	 synthase	 and	 linear	 azol(in)e-
containing	 peptides	 (LAP)	 genes	 that	 might	 have	 the	 same	 mode	 of	 action	 as	 S.	
epidermidis	B155	or	DesKR	resistance	mechanism.	
	
RNAseq	was	performed	 to	probe	 the	 regulon	of	 the	S.	 aureus	DesKR-like	TCS	
using	 WT	 to	 compare	 with	 the	 desR	 SNP	 variant,	 plus	 desK	 allelic	 replacement	 and	
SAOUHSC_01312	mutants.	 	 From	 this	 analysis,	 it	 was	 identified	 that	 the	 five	 genes	
SAOUHSC_01311-01312-desKR	operon	and	SAOUHSC_01315	were	very	highly	expressed	
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Figure.	 3.1	Qualitative	 visual	 score	 of	 antimicrobial	 activity	 of	 62	 coagulase-negative	
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Figure	 4.10	 Alignment	 of	 biosynthetic	 gene	 clusters	 of	 linear	 azol(in)e-containing	
peptides	 to	 clusters	 present	 in	 the	 genome	 sequence	 of	 different	Bacillus	 species:	 B.	

















Figure	 5.7	 S.	 aureus	 desK	 and	 SAOUHSC_01312	 mutant	 strains	 displayed	 more	
susceptibility	to	antimicrobial	produced	by	S.	epidermidis	B155	compared	to	wild	type	
…………………………………………………………………………………………………………..…………..…….160	



















Figure	 6.8	 6.8	 Gene	 ontology	 (GO)	 classification	 of	 the	 TOP	 50	 GO	 terms	 in	















































































































































providing:	 maintenance	 of	 body	 temperature;	 protection	 against	 pathogenic	
microorganisms;	 preventing	 harm	 of	 toxic	 substances;	 and	 the	 escape	 of	
moisture	(Iwase	et	al.,	2010).	The	skin	structure	contains	sweat	glands	(eccrine	
and	 apocrine),	 hair	 follicles	 and	 sebaceous	 glands.	 The	 eccrine	 sweat	 glands	
secrete	water	and	electrolytes	that	contribute	to	regulation	of	skin	temperature	
and	have	a	role	in	the	acidification	of	the	skin	via	lactate	release	(pH	~	4.5-5.9).	






keratinocytes	 secrete	 lipids	 that	 are	 a	 discrete	 mixture	 of	 almost	 equal	




of	 the	 barrier	 function	 (Elias	 and	 Feingold,	 1992).	 	 Free	 fatty	 acids,	 including	
sapienic	acid,	palmitoleic	acid,	linoleic	acid	and	oleic	acid	(Grice	and	Segre,	2011)	
are	 important	 for	 preserving	 an	 acidic	 skin	 mantle	 (Grice	 et	 al.,	 2008).	
Furthermore,	 they	been	 identified	 as	 important	 innate	defences	 inhibiting	 the	
growth	of	potential	pathogens	while	favouring	symbiotic	commensals	(Grice	et	
al.,	2008;	Ryu	et	al.,	2014).	Skin	bacteria	that	were	found	to	be	more	sensitive	to	
elevated	 fatty	 acids	 include,	 Micrococcus	 sp.,	 S.	 pyogenes,	 S.	 aureus	 and	 S.	
epidermidis	(Drake	et	al.,	2008).	Several	studies	have	concluded	that	particular	
skin	 surface	 fatty	 acids	 can	 be	more	 effective	 antimicrobials	 than	 others.	 For	
















that	 transport	 LL-37	 to	 the	wounded	 or	 infected	 skin	 (Reinholz	 et	 al.,	 2012).	






residues,	 which	 leads	 to	 pore	 formation	 and	 disruption	 of	 cell	 membrane	
integrity	(Huang	et	al.,	2007).	The	central	roles	in	skin	defence	of	the	panoply	of	
skin	 antimicrobials	 is	 supported	 by	 the	 finding	 that	 S.	 aureus	 colonisation	 is	
increased	in	skin	lesions	caused	by	atopic	dermatitis,	owing	to	reductions	in	the	





Nearly	all	 skin	niches	are	occupied	by	 symbiotic	microorganisms	 that	provide	
protection	against	invasion	by	more	harmful	or	pathogenic	organisms	(Grice	and	
Segre,	 2011).	 The	 skin	microbiota	 is	 dynamic	 and	 exhibits	 diversity	 between	
individuals	 and	 types	 of	 bacterial	 species	 that	 colonise	 specific	 sites	 on	 skin	






web	 are	 partially	 occluded	 with	 a	 higher	 humidity	 and	 temperature	 that	
encourage	the	growth	of	bacterial	genera	that	thrive	under	the	moist	conditions,	
such	as	corynebacteria,	staphylococci	and	Gram-negative	bacilli	(Roth	and	James,	
1988).	 Host	 and	 external	 factors	 such	 as	 gender,	 age,	 hygiene	 products	 and	




groups:	 the	 residents	 that	 permanently	 inhabit	 the	 skin;	 temporary	 resident	
microbes	that	can	maintain	growth	rates	sufficient	to	remain	in	the	skin	niche	
for	 a	 short	 period	 of	 time;	 and	 transients	 that	 are	 intermittent	 skin	





Grice	 et	al.,	2008).	Coagulase-negative	staphylococci	 (CoNS)	are	 the	dominant	



















extensive	 studies	 have	 focused	 on	 this	 resident	 skin	 flora	 because	 of	 its	
ubiquitous	colonisation	of	human	skin	(Cogen	et	al.,	2008).	The	Staphylococcus	
genus	contains	over	40	species	and	a	subset	of	them	can	cause	serious	infections	
in	 humans,	 most	 commonly	 S.	 aureus.	 This	 species	 has	 evolved	 the	 ability	 to	
survive	 in	many	 environmental	 conditions,	which	 leads	 to	 it	 being	 frequently	
described	 as	 versatile	 (Lowy,	 1998).	 S.	 epidermidis	 is	 the	 most	 prevalent	
staphylococcal	species	that	inhabits	human	skin	and	it	comprises	more	than	90%	
of	 the	 aerobic	 resident	 flora	 at	 some	 sites.	 Although	 previously	 considered	
innocuous,	over	 the	past	20	years	S.	 epidermidis	has	evolved	efficient	 survival	
strategies	and	increased	antimicrobial	resistance	to	emerge	as	a	causative	agent	
of	 nosocomial	 infections	 (Cogen	 et	 al.,	 2008).	 Other	 coagulase-negative	
staphylococci	 (CoNS)	 frequently	 colonise	 the	 skin	 including	 S.	 hominis	 and	 S.	
capitis	 and	 less	 frequent	 colonisers	 include	 S.	 warneri,	 S.	 pettenkoferi,	 S.	
lugdunensis	and	S.	haemolyticus	(Otto,	2010).	
	
Consistently,	 compared	 with	 S.	 aureus,	 CoNS	 have	 fewer	 virulence	 factors	
responsible	for	aggression	(Kloos	and	Schleifer,	1975)	and	develop	a	relationship	










Cutaneous	 S.	 aureus	 infections	 are	 very	 frequent	 in	 humans	 and	 include	
subcutaneous	 abscesses,	 folliculitis,	 impetigo,	 furuncles	 and	 less	 frequently	
through	 the	 production	 of	 exfoliative	 toxins,	 staphylococcal	 scalded	 skin	
syndrome	(Brown	et	al.,	2003;	Iwatsuki	et	al.,	2006;	Cogen	et	al.,	2008).	While	S.	
epidermidis	 is	 currently	 considered	 an	 important	pathogen	 in	 catheter-related	








prevalence	 of	 methicillin	 resistant	 (MRSA)	 between	 countries	 (Fair	 and	 Tor,	
2014).	 All	 MRSA	 strains	 contain	 the	 mobile	 genetic	 element	 SCCmec,	 which	
encodes	the	mecA	gene,	thus	conferring	resistance	to	methicillin	and	all	β-lactam	
antibiotics	(Lyon	et	al.,	1984).		The	use	of	vancomycin	was	instigated	as	the	only	
effective	 antibiotic	 against	 MRSA	 and	 its	 use	 selected	 the	 first	 vancomycin-
intermediate	S.	aureus	strains	(VISA)	(Fair	and	Tor,	2014).	These	strains	absorb	
the	vancomycin	due	to	their	thickened	cell	wall	that	enables	enough	synthesis	of	
new	 peptidoglycan	 for	 survival	 (Cui	 et	 al.,	 2003).	 Ultimately,	 emergence	 of	
vancomycin	intermediate-resistant	S.	aureus	(VRSA)	encoding	for	the	resistance	







successful	 colonisation.	Adhesion	 to	host	 tissue	 	 is	 achieved	using	 an	 array	 of	
surface	proteins,	with	a	wide	range	of	binding	capabilities,	surface	teichoic	acid	
and	secreted	enzymes	(Otto,	2010;	Li	et	al.,	2014).	Colonisation	occurs	when	the	
top	 epithelial	 layer	 is	 traversed	 and	 a	 high	 affinity	 adherence	 between	 host	
extracellular	matrix	proteins	and	bacterial	cell-surface	virulence	factors	known	
as	 microbial	 surface	 components	 recognising	 adhesive	 matrix	 molecules	
(MCSCRAMMS)	(Patti	et	al.,	1994).	Many	members	of	the	MSCRAMM	family	have	
been	 characterised,	 which	 include	 staphylococcal	 protein	 A	 (SpA),	 clumping	
factors	 (ClfA	 and	 ClfB),	 fibronectin	 binding	 proteins	 (FnbpA	 and	 FnbpB)	 and	
collagen	binding	protein	(Cna)	(Foster	and	Höök,	1998);	these	all	have	ability	to	
inhibit	phagocytic	engulfment	(Foster,	2005).	There	are	up	to	20	MSCRAMMs	that	
have	 been	 identified	 in	S.	 aureus	while	 S.	 epidermidis	encodes	 12	MSCRAMMs	




understood	 in	 other	 staphylococci.	 	 It	 was	 reported	 that	 the	 S.	 saprophyticus	
genome	includes	three	genes	(serine-aspartate	repeat-containing protein	(sdrI),	
uroadherance	factor	B	(uafB)	and	multifunctional	protein	(aas)	(Hell	et	al.,	1998;	
Sakιnç	 et	al.,	2009;	King	 et	al.,	2011).	Generally,	S.	epidermidis	produces	 fewer	
virulence	determinants	and	most	of	these	are	related	to	biofilm	synthesis	(Fey	
and	 Olson,	 2010).	 On	 the	 host,	 staphylococcal	 SpA	 binds	 the	 Von	Willebrand	
factor	 and	 immunoglobulin	 G,	 ClfA	 and	 ClfB	 both	 bind	 fibrinogen,	 FnbpA	 and	
FnbpB	 bind	 fibronectin	 and	 fibrinogen.	 These	 host	 ligands	 are	 glycoproteins	
found	 in	 the	 extracellular	 matrix	 and	 blood	 plasma,	 and	 play	 a	 role	 in	
thrombogenesis.	The	binding	of	these	MSCRAMMS	to	host	proteins	produces	an	
agglutination	 phenotype,	 aids	 bacterial	 attachment	 to	 damaged	 tissue,	 and	
contributes	to	pathogenesis	(Joh	et	al.,	1999). 
	
Staphylococcus	 species,	 and	 most	 prominently	 S.	 aureus,	 have	 the	 ability	 to	






enzymes,	 including	 lipases,	 proteases,	 nucleases	 and	 hyaluronidases	 (Lowy,	
1998).	
	
Beside	 the	 host	 invasion	 factors,	 S.	 aureus	 employs	 a	 myriad	 of	 toxins	 that	
promote	virulence.	The	major	virulence	determinants	include	hemolysins	(alpha	
toxin,	 beta	 toxin,	 delta	 toxin	 and	 gamma	 hemolysin)	 and	 Panton-Valentine	
Leukocidin	(PVL).	Secretion	of	these	toxins	aid	the	organism	to	face	host	immune	
defenses	 (Otto,	 2013).	 Cell	 wall-anchored	 teichoic	 acids	 (WTA),	 fatty	 acid	
modifying	 enzyme	 (FAME),	 catalase	 and	 staphyloxanthin	 are	 factors	 that	
inactivate	host	bactericidal	components.	Staphyloxanthin	is	a	membrane	bound	
carotenoid	 pigment	 that	 gives	 S.	 aureus	 its	 characteristic	 yellow	 colour.	
Functionally,	 it	 acts	 as	 a	 biological	 antioxidant	 by	 scavenging	 and	 detoxifying	





is	 a	 secreted	 enzyme	 that	 breaks	 down	 host	 produced	 H2O2	 into	 H2O	 and	 O2	
(Grüner	 et	 al.,	 2007).	 FAME	 is	 a	 secreted	 protein	 found	 on	 the	 skin	 and	 in	
abscesses,	 which	 catalyses	 the	 esterification	 of	 long-chain	 free	 fatty	 acids	 to	
alcohol	 and	 cholesterol	 that	 inactivates	 the	 bactericidal	 activity	 of	 lipids	
(Chamberlain	and	Imanoel,	1996).	WTA	and	FAME	both	target	antimicrobial	fatty	
acids	found	on	skin.	Kohler	et	al.	have	shown	that	WTA	prevents	the	binding	of	













in	 staphylococci	 (McKenney	 et	 al.,	 1998).	Biofilm	 is	 commonly	produced	by	S.	
aureus	 and	 other	 staphylococci	 (Heilmann	 et	 al.,	 1996).	 Poly-γ-glutamic	 acid	


















compete	 with	 each	 other.	 For	 example,	 several	 species	 exclude	 S.	 aureus	
colonisation	 in	 the	 nasal	 cavity,	 including	 S.	 epidermidis,	 S.	 haemolyticus,	 S.	
hominis,	Finegoldia	magna,	Micrococcus	sp.	and	Corynebacterium	accolens	(Iwase	













a	 community-associated	MRSA	(CA-MRSA)	 skin	 infection	model	 (Liu,	 2009).	S.	
epidermidis	PSM-δ	and	PSM-γ	peptides	selectively	cause	a	reduction	of	survival	
of	S.	aureus,	 S.	 pyogenes	and	E.	 coli	but	not	S.	 epidermidis	 (Cogen	 et	al.,	 2010).	
Additionally,	 these	 PSMs	 are	 able	 to	 induce	 lipid	 vesicle	 leakage	 and	 exert	
antimicrobial	 activity	 against	S.	 aureus	 (Cogen	 et	 al.,	 2010).	 S.	 epidermidis	can	
convert	glycerol	to	succinic	acid	and	this	leads	to	inhibition	of	the	growth	of	P.	
acnes	 and	 reduce	 P.	 acnes	 lesions	 in	 mouse	 models	 (Wang	 et	 al.,	 2014).	











Much	 attention	 has	 been	 given	 to	 interspecies	 competitive	 strategies	 and	
revealed	how	bacterial	species	employ	several	mechanisms	for	coexisting	with	or	
dominating	 other	 competitors	 for	 the	 same	 pool	 of	 resources	 (Hibbing	 et	 al.,	
2010).	There	are	different	types	of	interspecific	interactions	that	could	be	driving	
a	negative	association	between	multiple	species	with	staphylococci,	particularly	
S.	 aureus	 in	 the	 same	community.	 Interactions	 include	 competition	 for	 limited	




























































limited	 resources	 in	 the	 same	 niche.	 Microbial	 competition	 for	 nutritional	
resources	 is	 a	 focal	 point	 because	 there	 is	 an	 association	 between	 the	













called	 siderophores	 as	 a	 key	 microbial	 mechanism	 for	 acquisition	 of	 iron	
(Wandersman	and	Delepelaire,	2004).	The	importance	of	iron	was	confirmed	by	
several	examples	of	siderophore-mediated	interspecies	interactions	in	different	
















heterotrophic	 bacteria,	 which	 included	 Gram-positive	 and	 Gram-negative	
species,	 showed	 either	 neutral	 interactions	 or	 cooperation	 with	 respect	 to	
biomass	 formation	 in	 mixed	 organisms	 biofilm	 (Simões	 et	 al.,	 2007).	 Tait	 &	
Sutherland	 (2002)	 examined	 antagonistic	 interactions	 between	 bacteriocin-
producing	enteric	bacteria	and	showed	that	each	strain	was	able	to	form	its	own	
microcolonies	within	mixed	biofilms	 (Tait	 and	 Sutherland,	 2002).	Antagonism	
between	Streptococcus pneumoniae	and	S.	aureus	can	be	mediated	through	the	
production	of	hydrogen	peroxide	by	S.	pneumoniae	in	vitro	(Regev-Yochay	et	al.,	






reduce	 their	 competitor’s	 fitness	 (Dong	 et	 al.,	 2002;	 Fleming	 et	 al.,	 2006).	




al.,	 2001).	 In	 S.	 aureus,	 signal	 peptides	 of	 one	 class	 such	 as	 AIP	 II	 can	 inhibit	
sensing	of	the	other	AIP	signal	classes,	which	suggests	the	inhibition	of	quorum	
sensing	within	species	(Ji	et	al.,	1997).	Subsequently,	it	was	also	shown	that	the	






cutaneous	 environment	 (Paharik	 et	 al.,	 2017).	 This	 finding	was	 confirmed	 by	
performing	competition	experiments	between	S.	caprae	and	MRSA	that	revealed	
a	 greater	 reduction	 in	 MRSA	 burden	 using	 murine	 models	 of	 both	 skin	












indicated	 that	 S.	 aureus	 adhesins,	 including	 wall	 teichoic	 acid,	 IsdA	 and	 ClfB	
promote	S.	 aureus	 nasal	 colonisation	 (Mulcahy	 et	 al.,	 2012;	Baur	 et	 al.,	 2014).	
Many	of	these	adhesin	proteins	have	homologs	in	other	staphylococcal	species	
including	S.	epidermidis,	and	it	is	known	that	some	of	these	homologs	can	bind	to	
the	 same	 receptors	 (Coates	 et	 al.,	 2014).	 Identified	 homologous	 microbial	







(Saroj	 et	al.,	 2016).	S.	 epidermidis	 secretes	an	endoserine	peptidase	 (Esp)	 that	
inhibits	nasal	S.	aureus	colonisation	by	degradation	of	S.	aureus	surface	proteins	





inflammation	 in	 the	 nasal	 epithelium,	 possibly	 due	 to	 the	 activation	 Toll-like	
receptor	2	(TLR2)	as	a	result	of	secreted	of	pro-inflammatory	molecules,	such	as	
lipoproteins	 (Krismer	 et	 al.,	 2017).	 Increased	 expression	 of	 PSM	 peptides	 by	
certain	 S.	 aureus	 strains	 can	 stimulate	 lipoprotein	 release	 from	 the	 S.	 aureus	
cytoplasmic	membrane	(Hanzelmann	et	al.,	2016).	Increased	production	of	anti-
microbial	peptides	and	proteins	by	the	host	usually	results	from	inflammation.	





aureus	 is	 able	 to	 induce	 inflammation	 to	 eliminate	 human	 commensals	 that	
consequently	face	difficulty	to	survive	in	the	nasal	fluid	(Krismer	et	al.,	2017).		
	
S.	 epidermidis	 also	 stimulates	 antimicrobial	 peptide	 expression	 from	
keratinocytes	and	therefore	augments	skin	defence	towards	pathogenic	bacteria	
(Lai	 et	 al.,	 2010).	 Moreover,	 resistance	 of	 CoNS	 and	 S.	 aureus	 to	 high	 con-
centrations	 of	 CAMPs	 is	 due	 to	 their	 ability	 to	 modify	 the	 teichoic	 acids	 and	
phospholipids	with	D-alanine	and	L-lysine,	respectively,	which	leads	to	reduction	
of	 the	 affinity	 of	 the	 cell	 envelope	 for	 CAMPs	 (Peschel	 and	 Sahl,	 2006).	
Contrastingly,	 other	 nasal	 bacteria	 are	 more	 sensitive	 to	 cationic	
antimicrobial	peptides	(CAMPs)	than	staphylococci,	such	as	P.	acnes	(Lee	et	al.,	










Antimicrobial	 proteins	 and	 peptides	 that	 are	 produced	 by	 commensal	 skin	
microbes	are	a	key	mechanism	against	other	bacteria	that	might	seek	to	colonise	
the	skin	surface.	Bacteriocins	secreted	by	many	varieties	of	bacteria	have	a	role	
in	 antagonistic	 interactions	 between	 the	 producing	 strains	 and	 other	 closely	
related	bacteria	 and	 their	 inhibitory	 activity	 gives	 the	producer	 a	 competitive	
advantage	 in	 the	 environment	 (Guder	 et	 al.,	 2000).	 Colicins	 were	 the	 first	
antimicrobial	 peptide	 compounds	 identified	 as	 secreted	 by	 E.	 coli	 (Riley	 and	
Wertz,	2002).	Now,	bacteriocins	have	been	found	in	all	major	bacterial	lineages	








those	 produced	 by	 Gram-positive	 bacteria	 have	 common	 features	 such	 as	
protease	resistance,	heat	stability,	and	faster	migration	through	an	SDS-PAA	gel	
than	predicted	on	the	basis	of	their	sizes	(Sharma	et	al.,	2016).	They	are	classified	
into	 four	 groups:	Class	 I	 (lantibiotics)	 are	 small	 peptides	 (<5	kDa),	 containing	
modified	amino	acids	such	as	didehydroamino	and	thioether;	Class	II	are	small	





Species	 of	 the	 Staphylococcus	 genus	 are	 frequently	 producers	 of	 bacteriocin,	



























Epidermin	 is	 a	well	 characterised	 bacteriocin	 and	 is	 isolated	most	 commonly	
from	S.	epidermidis	strains	(Bastos	et	al.,	2009).	Epidermin	has	22	residues	(Fig.	
1.2)	 and	 11	 genes	were	 identified	 to	 encode	 proteins	 for	 biosynthesis	 of	 this	
bacteriocin.	These	genes	were	located	on	plasmid	Tü32	in	S.	epidermidis	Tü3298	
including	 epiA,	 which	 is	 the	 structural	 gene	 and	 the	 associated	 operon	
epiBCDQPGEFHT	 (Bastos	 et	 al.,	 2009;	 Ceotto	 et	 al.,	 2009;	 Götz	 et	 al.,	 2014).	
Epidermin	synthesis	 is	controlled	by	Agr	that	was	shown	to	control	 functional	
EpiP	 expression	 that	 interferes	 with	 proteolytic	 processing	 during	 epidermin	
maturation	(Kies	et	al.,	2003).	Epidermin	exhibits	a	bactericidal	activity	against	
S.	 aureus	 (Fontana	 et	 al.,	 2006).	 A	 study	 by	 Ungermann	 et	 al	 suggested	 that	









it	 was	 identified	 in	 S.	 gallinarum	 (KELLNER	 et	 al.,	 1988).	 Gallidermin	 acts	
Figure	1.2	Structure	of	 selected	 lantibiotics	produced	by	staphylococci.	 Pep5,	





similarly	 to	 epidermin	 and	 nisin	 and	 it	 possesses	 the	 same	 putative	 lipid	 II	
binding	motif	(Saising	et	al.,	2012).	Studies	reported	that	the	capacity	for	pore	
formation	by	gallidermin	depends	on	the	thickness	of	membrane.	The	interaction	
of	 gallidermin	 with	 lipids	 I	 and	 II	 instead	 of	 pore	 formation	 contributes	 to	
bacterial	 killing	 (Bonelli	 et	 al.,	 2006;	 Saising	 et	 al.,	 2012).	 Activity	 was	








al.,	 1995).	Pep5	acts	by	 forming	pores	 in	 the	cytoplasmic	membrane	of	Gram-
positive	bacteria	(Kordel	et	al.,	1988).	Pep5	weakens	cell	walls	causing	the	release	
of	 membrane-associated	 autolytic	 enzymes	 from	 their	 inhibitors,	 including	





of	 around	 75	%	with	 Pep5	 (Ceotto	 et	 al.,	 2009).	 The	 biosynthetic	 genes	were	




activity	 (Heidrich	 et	al.,	1998).	Moreover,	 the	 lower	 toxicity	of	epicidin	280	 in	











subtilis	 JCM	1465	without	 lytic	activity	or	pore	 formation	(Asaduzzaman	et	al.,	
2009).	 Contrastingly,	 a	 further	 study	 discovered	 this	 lantibiotic	 has	 potent	
bactericidal	activity	against	S.	simulans	and	M.	 luteus	by	binding	to	 lipid	II	and	
altering	 the	 integrity	 of	 the	 cell	 membrane	 due	 to	 dissipation	 of	 membrane	































nosocomial	 staphylococcal	 strains	 such	 as	 the	 multidrug-resistant	 S.	 aureus	





The	 bacteriocin	 C55	 also	 belongs	 to	 class	 II	 bacteriocins	 and	 is	 produced	 by	
exfoliative	 toxin	 B	 (ETB)-positive	 S.	 aureus	 (Navaratna	 et	 al.,	 1998).	 The	
bacteriocin	 immunity	 factors	 and	 ETB	 are	 encoded	 on	 the	 plasmid	 pETB	
(Kawada-Matsuo	et	al.,	2016).	ETB	comprises	three	distinct	peptides	C55α,	C55β,	
and	 C55γ	 where	 both	 C55α	 and	 C55β	 act	 synergistically	 being	 more	 active	
towards	Micrococcus	luteus	and	S.	aureus,	but	not	S.	epidermidis	(Navaratna	et	al.,	
1998).	 	 Co-cultivation	 of	 C55-positive	 and	 negative	 strains	 showed	 that	 C55	




of	 hominicin	 contains	 the	uncommon	amino	 acids	 characteristic	 of	 the	 type	A	
lantibiotics	 but	 without	 thioether	 bridges	 integral	 to	 the	 lanthionine	 ring	
structure	 (Kim	 et	 al.,	 2010).	 Hominicin	 exerts	 antimicrobial	 activity	 against	















and	 the	 NukFEG	 transporter	 (Aso	 et	 al.,	 2004).	 This	 nukacin	 ISK-1	 immunity	
system	was	shown	to	confer	active	immunity	to	lacticin	but	not	to	nisin	(Bastos	
et	al.,	2009).	Pep5	was	proposed	to	require	a	simple	mechanism	of	protection	by	











16S	 rRNA	 gene	 sequencing	 is	 frequently	 used	 to	 study	 competitive	 exclusion	
among	microbial	 consortia	 by	determining	 the	 correlations	between	presence	
and	 absence	 of	 bacterial	 species	 (Frank	 et	 al.,	 2010;	Wos-Oxley	 et	 al.,	 2010).	
However,	 intraspecific	 trait	 variations,	 for	 instance	 the	 ability	 to	 produce	










interest	 on	 agar	 plates.	 Next,	 filter	 paper	 discs	 (about	 6	mm	 in	 diameter),	







a	 wide	 range	 of	 antibiotics	 and	 study	 different	 phenotypic	 effects	 of	
antimicrobials	between	two	or	more	strains	or	wild-type	and	mutants.	The	latter	
was	performed	with	a	catalase	mutant	strain	of	S.	aureus	that	was	shown	to	be	





Lücke,	 1989).	 Alternatively,	 a	 cross	 streak	 method	 was	 used	 by	
Lertcanawanichakul	et	al.	(2011)	to	rapidly	screen	for	antagonistic	interactions	
among	microorganisms.	This	assay	was	performed	by	drawing	a	single	streak	of	
the	 strain	 of	 interest	 down	 the	 middle	 of	 an	 agar	 plate.	 After	 a	 sufficient	
incubation	 period,	 estimated	 based	 on	 the	microorganisms	 used,	 the	 indictor	
microbial	strain	is	then	seeded	with	a	single	perpendicular	streak	across	the	test	
strain.	 The	 antimicrobial	 interface	 is	 observed	 after	 further	 incubation	 to	
quantify	 the	 inhibition	 zone	 size	 (Lertcanawanichakul	 and	 Sawangnop,	 2011).		
Studies	have	highlighted	that	greater	inhibition	of	indicator	bacteria	are	obtained	
using	the	cross	streak	method	compared	with	an	alternative	agar	well	diffusion	
assay	 based	 on	 inoculation	 of	 agar	 punches	 with	 the	 test	 strain	




An	 alternative	 approach	 is	 to	 determine	 the	 MIC	 values	 for	 crude	 extracted	
antimicrobial,	 using	 a	 standard	 dilution	 method.	 The	 exact	 concentration	 of	
antimicrobial	 agent	 can	only	be	estimated	 in	 the	agar	 (agar	dilution)	or	broth	
medium	 (macrodilution	 or	 microdilution)	 (Balouiri	 et	 al.,	 2016).	 Semi-
quantitative	methods	were	described	by	Moran	et	 al.	 (2016)	using	a	modified	
deferred	 inhibition	 assay.	 The	 method	 detects	 negative	 and	 positive	 growth	
interactions,	 where	 the	 presence	 of	 one	 species	 can	 inhibit	 or	 promote	 the	
competitor	 strain.	 This	 method	was	 used	 to	 generate	 quantitative	 (inhibition	
degree)	and	qualitative	data	 (clarity	of	 the	zone)	and	 these	data	were	used	 to	











Actinomycetes	 are	 a	 rich	 source	 for	 the	 production	 of	 antibiotics;	 complete	
genome	 sequencing	 of	 Streptomyces	 parvulus	 revealed	 109	 gene	 clusters	
contributing	to	the	biosynthesis	of	known	or	unique	bioactive	compounds	(Hu	et	
al.,	2019).	Studies	speculate	that	many	bacteria	could	possess	cryptic	genes	that	
encode	 new	 bioactive	 molecules	 that	 could	 be	 secreted	 during	 interspecific	




Mass	 spectrometry	 (MS)	 tools	 have	 been	 developed	 recently	 with	 the	 aim	 of	
understanding	 metabolism	 of	 entire	 cells	 or	 populations	 and	 is	 termed	
metabolomics.	 Uses	 include	 determing	 the	 effects	 of	 therapeutic	 agents	
(Esquenazi	 et	 al.,	 2009).	 Imaging	 MALDI	 (Matrix	 Assisted	 Laser	 Desorption	
Ionization)	has	concomitantly	been	used	for	imaging	biological	samples	and	it	can	






2012).	 For	 example,	Gonzalez	 et	 al	 applied	 the	 emerging	 approach	of	 imaging	









































A     B 
Figure	 1.3	 Agar	 disk-diffusion	 method.	 Disks	 with	 S.	 pneumoniae	
producing	H2O2	caused	partially	inhibited	growth	of	the	S.	aureus	WT	(A)	
and	this	 inhibition	effect	 increase	 in	catalase	mutant	strain	(B).	 Image	
adapted	from	(Park	et	al.,	2008).		
Figure	1.4	IMS	of	the	interaction	between	S.	aureus	(Sa)	and	B.	subtilis	
(Bs).	 (a)	 Zone	 of	 inhibition;	 (B)	 and	 (C)	 T-shape	 experiment	 for	 both	
species	 (D)	 B.	 subtilis	 alone;	 (E)	 S.	 aureus	 alone.	 Ion	 distributions	 are	
represented	 by	 colour:	 surfactin	 (SF;	 green),	 plipastatin	 (PS;	magenta),	










a	 membrane	 histidine	 kinase	 (HK),	 which	 acts	 as	 a	 signal	 sensor/transducer	
through	phosphorylation	of	 its	 cognate	 response	 regulator	 (RR)	 that	 acts	 as	 a	
transcription	activator	or	repressor	(Grebe	and	Stock,	1999).	Genome	studies	of	




The	 different	 types	 of	 DNA	 binding	 domains	 of	 the	 response	 regulators	 of	 S.	
aureus	NCTC	8325	are	shown	with	most	belonging	to	the	OmpR	type	(Fig.	1.5).		
An	 additional	 TCS	 was	 found	 encoded	 on	 the	mobile	 element,	 staphylococcal	
cassette	chromosome	mec	present	in	MRSA	isolates,	where	it	regulates	induction	
of	methicillin	resistance	(Hiron	et	al.,	2011).	With	few	of	these	TCS	remaining	to	
be	 characterised,	 a	 shared	 role	 of	 at	 least	 five	 is	 antimicrobial	 peptide	 (AMP)	
resistance	including	BraRS,	GraRS	and	VraRS	(Gardete	et	al.,	2006;	Meehl	et	al.,	
2007;	Hiron	 et	 al.,	 2011).	Additionally,	 overlapping	 roles	of	WalKR,	ArlRS	and	
LytRS	 that	 sense	 changes	 in	 bacterial	 cell	 wall	 and	 membrane	 integrity	





latter	 (Novick	 and	 Jiang,	 2003;	 Pragman	 et	 al.,	 2004).	 AirSR	 was	 recently	
identified	to	have	a	role	in	modulation	of	the	nitrate	respiratory	pathway	under	
anaerobic	conditions	(Sun	et	al.,	2011).	HssRS	is	a	regulatory	system	that	have	












controls	 the	 transcriptional	 response	 to	 phosphate	 limitation	 (Botella	 et	 al.,	
2014).	 Studies	 of	 TCS	 across	 other	 staphylococci	 are	 much	 more	 limited.	
Homologues	of	some	of	these	TCS	described	above	are	present	in	S.	epidermidis	
and	are	proposed	to	have	similar	roles	(Wu	et	al.,	2012;	Xu	et	al.,	2017).	More	























16	 response	 regulators	 from	 S.	 aureus	NCTC	 8325.	 OmpR:	WalR,	 BceR,	
HssR,	GraR,	KdpE,	PhoR,	SrrA,	ArlR	and	SaeR.	NarL:	Nrec,	VraR,	DesR	and	AirA.	







includes	 the	 histidine	 kinase	 (HK)	 and	 response	 regulator	 (RR)	with	 their	 accession	
number,	their	function	and	key	references.	These	TCS	were	identified	based	on	the	KEGG	
pathways	database	(Kanehisa	et	al.,	2013)	and	AureoWiki	(Fuchs	et	al.,	2018).		































































































regulatory	 TCS	 of	 S.	 aureus.	 	 Many	 virulence	 determinants	 associated	 with	
infections	 caused	 by	 staphylococci,	 such	 as	 surface-associated	 adhesins,	
autolysins	toxins	and	hemolysin	are	regulated	by	quorum	sensing	through	agr-











the	 cell	 in	 the	 form	 of	 AIP.	 Increased	 AIP	 concentration	 in	 the	 extracellular	


















including	 biofilm	 phenotypes	 and	 impact	 upon	 surface	 attachment,	 biofilm	
dispersion,	and	the	chronic	nature	of	biofilm-associated	infections	(Chan	et	al.,	
2004).	The	important	role	of	the	agr	system	was	demonstrated	in	many	infection	







in	 S.	 aureus	 consists	 of	 RNAII	 and	 RNAIII	 that	 are	 transcribed	 by	 two	 divergent	
promoters,	 P2	 and	 P3,	 respectively.	 A	 cyclic	 thiolactone	AIP	 induces	 a	 surface	 signal	
through	 the	 AgrC,	 a	 histidine	 protein	 kinase	 which	 then	 autophosphorylates	 upon	
binding	the	AIP	to	activate	the	response	regulator	AgrA	via	phosphotransfer.	AgrA	binds	
to	the	P2	and	P3	promoters	resulting	in	positive	feedback	of	AIP	production	to	activate	





















factor	 and	 it	 directs	 transcription	 of	 the	 bulk	 of	 cellular	 RNA	 with	 three	
alternative	σ	 factors	σB,	 σH	 and	σS	 (Tao	 et	 al.,	 2010).	 The	 gene	 sigB	 is	 located	




part	 of	 the	 σB	 regulon,	 including	 proteins	 involved	 in	 signalling	 pathways,	
metabolism	 and	 cell	 wall	 synthesis	 	 (Bischoff	 et	 al.,	 2004).	 Among	 virulence-




oxidative	 stressors	 (Tuchscherr	 et	 al.,	 2015).	 Deora	 et	 al.,	 reported	 that	 the	










The	 transcripts,	 sarP1	 (0.58	 kb),	 sarP3	 (0.84	 kb)	 and	 sarP2	 (1.15	 kb)	 are	
controlled	from	three	promoters	(P1,	P3	and	P2,	respectively)(Bayer	et	al.,	1996;	
Manna	 and	 Cheung,	 2001).	 These	 three	 transcripts	 encode	 the	 14.5-kDa	 SarA	
protein	 (Bayer	 et	 al.,	 1996).	 It	 has	 been	 clearly	 indicated	 the	 transcriptional	





and	P3	 is	σB-dependent.	 (Deora	et	al.,	1997).	SarA	activates	 the	agr	operon	by	
binding	 to	 its	P2	and	P3	promoter	 regions,	which	 increases	RNAII	and	RNAIII	
levels,	 thus	 altering	 virulence	 expression	 via	 the	 agr-dependent	 pathway	
(Morfeldt	 et	 al.,	 1996;	 Cheung	 et	 al.,	 1997).	 Activation	 of	 agr	 can	 alter	 the	
transcription	of	sarA	while	a	family	of	SarA-like	proteins	described	below	create	
a	 complex	 regulatory	 network	 allowing	 the	 cell	 to	 respond	 to	 different	




Previous	studies	showed	 that	SarA	promotes	 the	 transcriptional	expression	of	




2001).	 SarA	 can	 stimulate	 biofilm	 formation	 of	 S.	 aureus	 by	 upregulating	
expression	of	biofilm-associated	protein	(Cheung	et	al.,	2008).	SarA	expression	in	
vivo	has	an	essential	 role	 in	pathogenesis	and	a	double	mutant	of	 agr-sar	 in	a	
rabbit	model	 of	 endocarditis	 had	 diminished	 virulence	 compared	with	 an	agr	
mutant		(Cheung	et	al.,	1994).		
	
Based	 on	 sequence	 alignment,	 multiple	 SarA	 homologs	 are	 encoded	 in	 the	
genome	of	S.	aureus.	The	genes	include	sarR,	sarS,	sarT,	sarU,	sarV,	sarX,	sarY,	sarZ,	

























MgrA	 (Multiple	 gene	 regulator	 A)	 is	 another	 SarA	 homolog	 that	 regulates	
autolysis	via	mechanisms	independent	of	other	global	regulators			(Ingavale	et	al.,	
2005).	A	transcriptional	study	of	S.	aureus	Newman	by	microarray	identified	355	
genes	 controlled	 by	 MgrA	 in	 all	 function	 categories.	 The	 down-regulation	 of	
surface	proteins	and	upregulation	of	exoproteins	by	MgrA	shows	a	similarity	with	
the	 agr	 response	 (Ingavale	 et	 al.,	 2005;	 Luong	 et	 al.,	 2006).	 MgrA	 mutation	
decreases	the	expression	of	hla,	agr	and	RNAIII	while	upregulation	of		sarS	and	
spa	occurs	(Ingavale	et	al.,	2005).	The	transcription	of	sarA	was	unchanged	by	






hemolysin,	 urease,	 lipase	 and	 proteases,	 (Said-Salim	 et	 al.,	 2003).	 Rot-related	
changes	in	target	gene	expression	appear	to	be	opposite	that	of	Agr	for	example	
spa,	sspB	and	sspC	were	up-regulated	by	Rot	but	down-regulated	by	agr	 (Said-







vitro	 growth	 conditions,	 both	 SarA	 and	 MgrA	 appear	 to	 repress	 sarV	 since	
transcription	is	greatly	enhanced	in	sarA	and	mgrA	mutant	strains	(Cheung	et	al.,	
2004).	 Inactivation	 of	 sarV	 produced	 a	 high	 level	 of	 resistance	 to	 detergent-
induced	lysis	in	comparison	with	wild	type	while	the	opposite	effect	occurred	in	


































autolysin	 activities,	 AtlA	 and	 AtlM	 (Dubrac	 et	 al.,	 2007).	 WalKR	 alters	 the	
expression	of	13	genes	proposed	to	contribute	to	degradation	and	metabolism	
























roles	 in	 autolysis	 and	murein	 hydrolase	 activity	 (Brunskill	 and	Bayles,	 1996).	






The	 first	 study	 of	 VraSR	 reported	 upregulation	 of	 vraSR	 transcription	 in	
vancomycin	 intermediate	 resistant	 S.	 aureus	 (VISA)	 strains	Mu50	 and	Mu3	 in	
comparison	with	vancomycin-susceptible	S.	aureus	(VSSA)	(Kuroda	et	al.,	2000).	





bacitracin	 and	 cationic	 antimicrobial	 peptides	 (CAMPs)	 (Kuroda	 et	 al.,	 2000;	
Levinger	 et	al.,	 2012;	Su	 et	al.,	 2015).	Furthermore,	 a	 transcriptional	 study	of	
vancomycin	 treatment	 that	 compared	 S.	 aureus	 N315	 and	 an	 isogenic	 vraSR	
allelic	replacement	mutant	revealed	139	genes	induced	after	challenge	and	46	
not	expressed	in	a	vraSR	mutant	(Kuroda	et	al.,	2003).	Many	of	these	identified	
genes	 have	 roles	 in	 the	 biosynthesis	 of	 peptidoglycan,	 such	 as	 methicillin-
resistance-related	 protein	 (fmtA),	 monofunctional	 glycosyltransferase	 (sgtB),	
pencillin-binding	 protein	 2	 (pbp2),	 teicoplanin-resistance-related	 proteins	
(tcaA/tcaB)	 and	 UDP-N-acetylglucosamine	 1-carboxylvinyl	 transferase	 2	
murein	monomer	precursor	synthesis	(murZ)	(Kuroda	et	al.,	2003).	Stimulation	











1.8)	 (Falord	 et	 al.,	 2011).	 The	 graSR	 genes	 are	 located	 upstream	 of	 ABC	
transporter	 genes	 vraFG	 that	 collectively	 have	 increased	 expression	 in	 VISA	
strains	 of	 S.	 aureus	 demonstrating	 their	 association	 with	 resistance	 to	
vancomycin	 (Kuroda	 et	 al.,	 2000).	 S.	 aureus	 convers	 resistance	 to	 CAMPs	 by	
increasing		positive	cell	surface	charge	through	D-alanylation	of	wall	teichoic	acid	
(WTA)	 and	 lysinylation	 of	 phosphatidylglycerol	 within	 the	 bacterial	 cell	















The	 BraRS	 (bacitracin	 resistance-associated)	 TCS,	 also	 called	 NsaSR	 (nisin	
susceptibility	 associated)	was	 identified	as	one	of	 three	TCS	 (with	GraSR	and	
VraSR)	 contributing	 to	 the	 S.	 aureus	 response	 to	 nisin	 and	 bacitracin	
antimicrobials	 (Hiron	 et	al.,	2011;	Kawada-Matsuo	 et	al.,	2011).	BraSR	shares	
some	 common	 characteristics	 with	 GraSR	 and	 may	 have	 arisen	 by	 gene	
duplication	 being	 only	 present	 in	 limited	 staphylococci	 (Coates-Brown	 et	 al.,	
2018).	 Both	 TCS	 belong	 to	 the	 intramembrane	 sensor	 kinase	 family	 and	 are	
important	for	resistance	to	nisin	and	control	the	synthesis	of	VraFG	and	VraDE	







activation	 of	 vraDE	 aids	 the	 cell	 as	 a	 detoxification	 module,	 especially	 for	
bacitracin	 resistance	 (Kawada-Matsuo	 et	 al.,	 2013).	 	 Studies	 showed	 that	
induction	of	these	two	operons	in	different	mutants	in	the	presence	of	nisin	or	
bacitracin	depend	on	BraRS	but	not	on	GraSR	or	VraSR	(Hiron	et	al.,	2011;	Kolar	
et	 al.,	 2011).	 	 An	 isogenic	 braS	 mutant	 altered	 the	 expression	 of	 245	 genes	

































Figure	 1.8	 S.	aureus	TCS	 responses	 to	 antimicrobial	 agents.	VraS	 responds	 to	 the	
action	of	cell	wall	active	antibiotics	that	affect	cell	wall	biosynthesis.	Following	activation,	
VraS	phosphorylates	its	response	regulator	VraR	and	triggers	altered	expression	of	cell	
wall	 biosynthesis	 genes.	 GraSR	 TCS	 is	 activated	 in	 response	 to	 cationic	 AMPs	 and	
regulates	 the	 adjacent	 genes	 encoding	 the	 VraFG	 efflux	 pump	 that	 has	 a	 role	 in	 the	
signalling	 cascade	 by	 sensing	 the	 presence	 of	 CAMPs	 and	 signalling	 through	 GraS	 to	
activate	 GraR-dependent	 transcription.	 GraSR	 also	 regulates	 D-alanylation	 of	 teichoic	
acids	 that	 contributes	 to	 resistance	 of	S.	 aureus	 to	 cationic	AMPs.	BraRS	 activates	 the	
transcription	of	genes	encoding	ABC	transporters,	BraDE	and	VraDE.	BraDE	participates	
in	 bacitracin	 sensing	 and	 signalling	 via	BraSR,	while	 VraDE	 serves	 as	 a	 detoxification	




















(3) Construction	 of	 isogenic	 single	 SNP	 variants	 from	 sequence	 variants	
identified	 during	 resequencing	 to	 identify	 the	 role	 of	 individual	 sequence	
























Bacterial	 strains	and	plasmids	used	 in	 the	 study	are	 listed	 in	Table	2.1.	 Strain	
stocks	were	maintained	by	adding	700	μl	of	an	overnight	culture	to	300	μl	of	50%	
(v/v)	glycerol	(Fisher	chemical)	with	storage	at	-80°C.	Staphylococcus	species	and	





















S.	aureus	 Newman	 Wild	type	strain	 (Duthie	and	Lorenz,	
1952)	
S.	aureus	 SF8300	 Clinical	isolate	(USA300)	 (Montgomery	et	al.,	2009)	




























S.	epidermidis	 B115	 Nasal	isolate	 (Libberton	et	al.,	2014)	
S.	epidermidis	 B155	 Nasal	isolate	 (Libberton	et	al.,	2014)	
S.	epidermidis	 J008	 Skin	isolate	 (Kelly,	2013)	
S.	epidermidis		 J014	 Skin	isolate		 (Kelly,	2013)	




S.	epidermidis	 B015	 Nasal	isolate	 (Libberton	et	al.,	2014)	
S.	epidermidis	 B021	 Nasal	isolate	 (Libberton	et	al.,	2014)	
S.	epidermidis	 B025	 Nasal	isolate	 (Libberton	et	al.,	2014)	
S.	epidermidis	 B030	 Nasal	isolate	 (Libberton	et	al.,	2014)	
S.	epidermidis	 B033	 Nasal	isolate	 (Libberton	et	al.,	2014)	
S.	epidermidis	 B035	 Nasal	isolate	 (Libberton	et	al.,	2014)	
S.	epidermidis	 B040	 Nasal	isolate	 (Libberton	et	al.,	2014)	
S.	epidermidis	 B043	 Nasal	isolate	 (Libberton	et	al.,	2014)	
S.	epidermidis	 B048	 Nasal	isolate	 (Libberton	et	al.,	2014)	
S.	epidermidis	 B056	 Nasal	isolate	 (Libberton	et	al.,	2014)	
S.	epidermidis	 B057	 Nasal	isolate	 (Libberton	et	al.,	2014)	
S.	epidermidis	 B074	 Nasal	isolate	 (Libberton	et	al.,	2014)	
S.	epidermidis	 B082	 Nasal	isolate	 (Libberton	et	al.,	2014)	
S.	epidermidis	 B084	 Nasal	isolate	 (Libberton	et	al.,	2014)	
S.	epidermidis	 B092	 Nasal	isolate	 (Libberton	et	al.,	2014)	
S.	epidermidis	 B095	 Nasal	isolate	 (Libberton	et	al.,	2014)	
S.	epidermidis	 B101	 Nasal	isolate	 (Libberton	et	al.,	2014)	
S.	epidermidis	 B105	 Nasal	isolate	 (Libberton	et	al.,	2014)	
S.	epidermidis	 B124	 Nasal	isolate	 (Libberton	et	al.,	2014)	
S.	epidermidis	 B129	 Nasal	isolate	 (Libberton	et	al.,	2014)	
S.	epidermidis	 B131	 Nasal	isolate	 (Libberton	et	al.,	2014)	
S.	epidermidis	 B138	 Nasal	isolate	 (Libberton	et	al.,	2014)	
S.	epidermidis	 B142	 Nasal	isolate	 (Libberton	et	al.,	2014)	
S.	epidermidis	 B158	 Nasal	isolate	 (Libberton	et	al.,	2014)	
S.	epidermidis	 B164	 Nasal	isolate	 (Libberton	et	al.,	2014)	
S.	epidermidis	 B170	 Nasal	isolate	 (Libberton	et	al.,	2014)	
S.	epidermidis	 B176	 Nasal	isolate	 (Libberton	et	al.,	2014)	
S.	epidermidis	 B180	 Nasal	isolate	 (Libberton	et	al.,	2014)	
S.	epidermidis	 B185	 Nasal	isolate	 (Libberton	et	al.,	2014)	
S.	epidermidis	 B180	 Nasal	isolate	 (Libberton	et	al.,	2014)	
S.	epidermidis	 B185	 Nasal	isolate	 (Libberton	et	al.,	2014)	
S.	epidermidis	 B188	 Nasal	isolate	 (Libberton	et	al.,	2014)	
S.	epidermidis	 B193	 Nasal	isolate	 (Libberton	et	al.,	2014)	
S.	epidermidis	 B197	 Nasal	isolate	 (Libberton	et	al.,	2014)	
S.	epidermidis	 B203	 Nasal	isolate	 (Libberton	et	al.,	2014)	
S.	epidermidis	 B208	 Nasal	isolate	 (Libberton	et	al.,	2014)	
S.	epidermidis	 B224	 Nasal	isolate	 (Libberton	et	al.,	2014)	
S.	epidermidis	 B230	 Nasal	isolate	 (Libberton	et	al.,	2014)	
S.	epidermidis	 B232	 Nasal	isolate	 (Libberton	et	al.,	2014)	
S.	epidermidis	 B240	 Nasal	isolate	 (Libberton	et	al.,	2014)	
S.	hominis		 B002	 Nasal	isolate	 (Libberton	et	al.,	2014)	
S.	hominis	 B026	 Nasal	isolate	 (Libberton	et	al.,	2014)	
S.	hominis	 B150	 Nasal	isolate	 (Libberton	et	al.,	2014)	
S.	hominis	 B175	 Nasal	isolate	 (Libberton	et	al.,	2014)	
S.	hominis	 B217	 Nasal	isolate	 (Libberton	et	al.,	2014)	
S.	hominis	 B227	 Nasal	isolate	 (Libberton	et	al.,	2014)	
S.	capitis				 B010	 Nasal	isolate	 (Libberton	et	al.,	2014)	
S.	capitis				 B022	 Nasal	isolate	 (Libberton	et	al.,	2014)	
S.	capitis				 B041	 Nasal	isolate	 (Libberton	et	al.,	2014)	
S.	capitis				 B077	 Nasal	isolate	 (Libberton	et	al.,	2014)	
S.	capitis				 B098	 Nasal	isolate	 (Libberton	et	al.,	2014)	




S.	capitis				 B160	 Nasal	isolate	 (Libberton	et	al.,	2014)	
S.	capitis				 B273	 Nasal	isolate	 (Libberton	et	al.,	2014)	
S.	warneri					 B016	 Nasal	isolate	 (Libberton	et	al.,	2014)	
S.	warneri					 B020	 Nasal	isolate	 (Libberton	et	al.,	2014)	
S.	warneri					 B047	 Nasal	isolate	 (Libberton	et	al.,	2014)	
S.	warneri					 B102	 Nasal	isolate	 (Libberton	et	al.,	2014)	
S.	warneri					 B187	 Nasal	isolate	 (Libberton	et	al.,	2014)	
S.	warneri			 B235	 Nasal	isolate	 (Libberton	et	al.,	2014)	
Bacillus	flexus	 B003	 Skin	isolate	 This	study	
Bacillus	flexus	 DSM	1667	 Soil	isolate	 DSMZ-German	 collection	
of	 microorganisms	 and	
Cell	Cultures	
Bacillus	flexus	 DSM	1316	 	 DSMZ-German	 collection	
of	 microorganisms	 and	
Cell	Cultures	
Bacillus	flexus	 DSM	1320	 	 DSMZ-German	 collection	
of	 microorganisms	 and	
Cell	Cultures	












0.3	 ±	 0.05)	 of	 competitor	 strains	 were	 sprayed	 over	 the	 plates	 using	 plastic	
perfume	vaporiser	bottles,	 then	plates	were	re-incubated	 for	a	 further	18	h	at	
37°C	 (Libberton	 et	 al.,	 2015;	 Moran	 et	 al.,	 2016).	 The	 assessment	 of	 growth	
inhibition	was	 based	 on	 the	 diameter	 of	 the	 inhibition	 zone	 and	 a	 qualitative	
scoring	system	based	on	degree	of	growth	prevention,	from	1	corresponding	with	















2.4	 Comparison	 of	 competitive	 interactions	 in	 planktonic	 and	 agar	 plate	
growth	





epidermidis	B155	 (inhibitor	 producing)	 and	mixed	 together	 at	 1:1	 ratio	 at	 an	
optical	 density	 OD600	 =	 0.1.	 Separate	 overnight	 cultures	 of	 each	 strain	 were	
cultured	separately	as	controls.	All	flasks	were	incubated	overnight	at	37°C	with	
shaking	 at	 250	 rpm.	 Viable	 counts	 were	 used	 to	 quantify	 the	 outcome	 of	
competition	 and	 colonies	 of	 the	 two	 bacteria	 were	 differentiated	 by	 the	
presence/absence	of	pigmentation.	The	planktonic	community	was	transferred	
to	 a	 new	 flask	 every	 day	 for	 15	 days	 (serial	 passage).	 As	 a	 comparison	 S.	




For	 sessile	 growth	 competition,	 all	 strains	were	 cultured	on	 (BHI)	 agar	plates	











PBS	 and	 communities	were	 transferred	 to	 new	 agar	 plates	 every	 day	 for	 8	 d.	






for	 Gram-positive	 organisms.	 The	 cells	 were	 centrifuged	 at	 7500	 rpm	 and	
resuspended	 in	180	μl	enzymatic	 lysis	buffer	with	2	μl	 lysostaphin	(5mg	ml-1)	
(Sigma-Aldrich)	and	5	μl	mutanolysin	(5	kU	ml-1)	(Sigma-Aldrich).	After	mixing,	
the	cells	were	incubated	for	1	h	at	37°C.	A	25	μl	aliquot	of	proteinase	K	and	200	
μl	 of	 buffer	 Al	 were	 added	 to	 the	 samples	 with	 18	 μl	 of	 RNase	 A	 solution	
(Invitrogen).	All	samples	were	 incubated	at	56°C	for	1	h	prior	200	μl	of	100%	
(v/v)	 ethanol	 being	 added	 to	 the	 mixtures.	 Subsequently,	 all	 samples	 were	
washed	 twice	 by	 adding	 500	 μl	 (AW1	 buffer)	 and	 (AW2	 buffer),	 respectively.	
Finally,	DNA	was	eluted	with	100	μl	of	pre-warmed	dH2O.		
2.5.2	Plasmid	extraction	from	bacteria	




a	 5	 ml	 overnight	 culture	 was	 centrifuged	 at	 14000	 rpm	 for	 10	 min	 and	 the	
supernatant	 discarded.	 Plasmid	 extraction	 was	 performed	 with	 the	 Isolate	 II	
Plasmid	 Mini	 Kit	 (Bioline).	 Briefly,	 the	 pellet	 was	 resuspended	 in	 250	 μl	
resuspension	 buffer	 P1	 (containing	 RNase	 A)	 and	 mixed	 by	 inverting	 then	
















The	 purity	 of	 DNA	 was	 determined	 using	 a	 Nanodrop	 spectrophotometer	
(Thermoscientific)	 to	 confirm	 that	 samples	 were	 not	 contaminated	 with	
significant	amounts	of	protein	or	RNA.	A260/A280	and	A260/A230	ratios	≥	1.8	
were	 generally	 accepted	 as	 sufficiently	 pure	 for	 DNA	 in	 downstream	
experimentation.	 DNA	 quality	was	 assessed	 by	 gel	 electrophoresis.	 Gels	were	
prepared	by	melting	a	mixture	of	1x	TAE	buffer	and	1%	(w/v)	agarose	(Bioline).	
Next,	 gel	 mixture	 stain	 was	 added	 at	 2μl/100ml	 of	 Midori	 green	 (Nippon	
Genetics)	and	mixed	gently	before	pouring	into	a	gel	tray.	Hyperladder	I	(Bioline)	
was	used	as	the	DNA	size	marker	and	gel	electrophoresis	was	run	at	120	V	for	30	
min,	 unless	 otherwise	 stated.	 The	 gels	 were	 visualised	 under	 a	 UV	
transilluminator	 at	 a	wavelength	 of	 302	 nm	 and	 images	were	 recorded	 using	















Table	2.2	Oligonucleotide	primers	designed	 for	PCR	amplification	 in	 this	 study.	
The	sequence	of	restriction	enzyme	(RE)	sites	are	underlined.	
	

























































































reactions.	 Components	 of	 a	 standard	 50	 μl	 reaction,	 made	 up	 with	 sterile	
deionised	water,	were	as	follows:		25	μl	BioMix	Red	(Bioline),	supplemented	with	
2.5	 U	 ACCUZYME	 DNA	 Polymerase	 (Bioline)	 according	 to	 manufacturer’s	
instructions,	1.5	μl	primers	(100	pmol	μl-1),	1.5	μl	template	DNA	(~2.5	ng)	and	Up	
to	50	μl	ddH2O.			
PCR	 reactions	 were	 carried	 out	 using	 a	 Mastercycler	 (Eppendorf).	 	 Standard	





PCR	 products	 according	 to	 the	 manufacturer’s	 instructions.	 Briefly,	 binding	
buffer	 was	 added	 to	 PCR	 product	 at	 a	 ratio	 of	 2	 volumes	 to	 1	 and	mixed	 by	
vortexing.	 The	 mixture	 was	 transferred	 to	 a	 spin	 column	 and	 centrifuged	 at	
11,000	x	g	for	30	s.	Following	that,	wash	buffer	was	added	to	the	spin	column	and	








epidermidis	 B155	 selected	 from	 different	 days	 of	 experiments	 were	 prepared	
using	 Illumina	 TRUSEQ	 small	 insert	 libraries	 (Paired-end	 sequencing	 (2x250	















amplified	 using	 pA	 and	 pH	 primers	 (Table	 2.2)	 with	 BioMix	 Red	 polymerase	




































the	 genomic	 variants	were	 annotated	using	 the	 SnpEff	 package	 (version	3.4e)	
based	 on	 their	 genomic	 locations,	 such	 as	 intronic,	 untranslated	 regions,	
upstream,	downstream,	and	intergenic	regions.	The	output	also	reveals	coding	
















Annotation	 of	 all	 genomes	 was	 preformed	 using	 PROKKA	 (version	 1.5.2).	
PROKKA	is	a	command	line	tool,	which	annotates	a	bacterial	genome	very	quickly	
on	a	desktop	computer	in	~10	min	(Seemann,	2014).	The	relevant	features	on	the	






































Aldrich,	 St.	 Louis,	 USA),	 0.0186%	 potassium	 chloride	 (KCl)	 (VWR	 Chemicals,	
Belgium),	 0.24%	 (w/v)	 MgSO4	 (Fisher	 Scientific,	 Leicestershire,	 UK)]	 and	
incubated	at	37°C	with	250	rpm	shaking	until	the	OD600	nm	reached	0.4	–	0.5.	The	
culture	was	then	centrifuged	for	10	min	at	4,000	rpm	and	the	pellet	re-suspended	






































The	 strain	 S.	 aureus	 RN4220	 was	 used	 as	 an	 intermediate	 cloning	 host.	 To	
produce	electrocompetent	cells,	S.	aureus	RN4220	was	grown	in	10	ml	B2	broth	
[2.5%	 (w/v)	 yeast	 extract,	 0.1%	 (w/v)	 K2HPO4,	 2.5%	 (w/v)	 NaCl,	 1%	 (w/v)	
casein	 acid	 hydrolysate,	 0.5%	 (w/v)	 glucose,	 pH	 7.5]	 (Sigma-Aldrich)	 and	


















S.	 aureus	RN4220	 cell	were	 added	 in	 a	 sterile	0.1	 cm	electroporation	 cuvettes	
(Techtum	Lab	AB)	and	a	cuvette	without	DNA	served	as	a	control.	The	cuvettes	
were	incubated	at	room	temperature	for	15	min	then	placed	on	ice.	The	cells	were	




before	 plating	 200	 μl	 onto	 B2	 agar	 plates	 [B2	 broth,	 1.5%	 (w/v)	 agar]	 (VWR	
Chemicals)	 containing	 erythromycin	 (0.03	mg	ml-1)	 (Duchefa	 Biochemie)	 and	


























was	 cultured	 to	 log	 phase	 in	 BHI	 broth.	 Dilutions	 of	 the	 phage	 lysate	 were	
prepared	in	phage	buffer	to	10-7	then	100	μl	of	phage	dilution	was	added	to	400	
μl	of	SH1000.		50	μl	of	1	M	CaCl2	was	added	and	tubes	were	incubated	at	room	




[0.3%	 (w/v)	 yeast	 extract	 (Sigma-Aldrich),	 0.59%	 (w/v)	NaCl	 (Sigma-Aldrich)	
0.3%	 (w/v)	 casein	 acid	 hydrolysate	 (Sigma-Aldrich),	 1.5%	 (w/v)	 Agar]	 and	
incubated	overnight	at	37°C.	The	number	of	plaques	were	 counted	 to	 confirm	










was	 added	 to	 the	 mixture	 and	 incubated	 on	 ice	 for	 5	 min.	 Cells	 were	 then	
centrifuged	at	4,000	rpm	for	10	min	at	4°C	and	the	pellets	resuspended	in	1	ml	
ice	 cold	 0.02	M	 sodium	 citrate	 and	 incubated	 on	 ice	 for	 1.5-2	 h.	 Next,	 200	 μl	
aliquots	were	 spread	 on	 LK	 Citrate	 agar	 plates	 (LK	 broth,	 0.68%	 (v/v)	 0.5	M	
sodium	citrate	(VWR	Chemicals),	1.5%	(w/v)	agar)	and	the	plates	were	incubated	









and	 incubated	overnight	at	37°C.	A	 single	 colony	 from	each	plate	was	used	 to	
inoculate	10	ml	BHI	broth	and	cultured	overnight	at	37°C	with	200	rpm	shaking.	
Next,	100	μl	of	culture	was	added	to	10	ml	BHI	broth	and	incubated	overnight	at	











37°C.	 This	 selection	 process	 was	 repeated	 every	 day	 until	 colonies	 were	
































were	 added	 to	 a	 96-well	 polystyrene	 microtitre	 plates,	 and	 the	 carotenoid	
absorbance	 spectrum	 read	 from	 350	 nm	 to	 550	 nm	was	measured	 using	 the	











































Quality	 control	 analysis	 was	 determined	 using:	 a	 Qubit	 (Invitrogen)	 for	
quantification;	a	2100	Bioanalyser	(Agilent	technologies)	to	assess	degradation	
levels;	 and	 a	 Nanodrop	 (Thermoscientific)	 to	 assess	 protein	 or	 solvent	
contamination	of	bacterial	RNA.	Samples	with	a	paired	control	and	test	condition	
sample	with	the	following	parameters	were	suitable	for	sequencing:	Qubit	read	
indicating	3	μg	RNA;	Bioanalyser	RIN	≥	7.0,	Bioanalyser	 trace	 indicating	 good	
integrity;	Nanodrop	260/280	and	260/230	≥	1.8.	
2.16.5	RNA	library	preparation	and	sequencing		

















assessment,	 data	 modelling,	 model	 fitting,	 testing	 and	 DE	 (Differentially	
Expressed)	gene	detection.	All	the	DGE	(Differential	Gene	Expression)	analyses	




with	 logFC	were	 adjusted	 for	multiple	 testing	 using	 the	 False	 Discovery	 Rate	

















Primer	 efficiency	was	 confirmed	 to	be	within	90-100%	using	 a	dilution	 curve	
with	gDNA	as	described	previously	 (Nolan	 et	al.,	 2006).	Efficiency	 testing	was	
done	the	same	conditions	as	for	qPCR	reactions	(described	below).	The	reactions	
mix	 in	 a	 total	 volume	 of	 20	 μl	 was	 set	 up	with	 0.5	 μM	 of	 each	 primer,	 10	 μl	
SensiFAST	and	a	dilution	range	of	gDNA	between	1x100	-	1x104,	with	a	starting	
concentrations	 of	 10	million	 copies.	 Negative	 controls	without	 template	were	














95°C	 for	 10	 s,	 62°C	 for	 30	 s.	 Data	 analysis	 was	 preformed	 using	 the	 ABI	
StepOnePlus	 software.	 At	 least	 two	 technical	 replicates	 and	 three	 biological	





student’s	 t-test	 or	 one-way	 analysis	 of	 variance	 (ANOVA),	 and	 further	
comparisons	between	strains	performed	using	the	Tukey	post	hoc	test,	with	P	<	











Microbial	 competition	 on	 human	 skin	 and	 mucosal	 surfaces	 determines	 the	
composition	 of	 our	 normal	 flora	 that	 contributes	 to	 human	 health	 and	
maintains	homeostasis	of	the	immune	system	(Gonzalez	et	al.,	2011;	Christensen	
et	 al.,	 2016).	 Competition	 between	 species	 of	 bacteria	 can	 be	 indirect	 when	
individuals	compete	for	the	same	resources	such	as	space	and	nutrients	(Hibbing	
et	 al.,	 2010)	 or	 it	 can	 be	 direct	 via	 chemically	 antagonistic	
interactions	between	competing	species,	 which	 is	 known	 as	 interference	
competition	 (Morin,	 1999;	Hibbing	 et	 al.,	 2010).	 Certain	microorganisms	have	
evolved	an	ability	 to	utilise	various	toxic	compounds	that	confer	antimicrobial	
activity	as	competitive	tools	(Hibbing	et	al.,	2010;	von	Bronk	et	al.,	2017)	such	as	





other	 strains,	 and	 produces	 significant	 advantage	 in	 preventing	 competing	
strains	from	niche	invasion	(Wiener,	1996);	ii)	act	supportively		to	aid	invasion	
of	 new	 niches	 (Wiener,	 1996;	 Kommineni	 et	 al.,	 2015);	 or	 iii)	 kill	 coexisting	
strains	(Gordon	and	Riley,	1999;	Majeed	et	al.,	2011).	For	many	decades,	study	of	
the	 production	 of	 bacterial	 toxins	 and	 its	 regulation	 has	 been	 important	 as	
several	of	these	toxins	are	clinical	antibiotics	(Slattery	et	al.,	2001;	Lewis,	2013).		
	
Antibiotics	 are	 the	 best	 known	 secondary	 metabolites	 and	 have	 been	
commercially	exploited	(Abbas	 et	al.,	2014).	Each	year,	around	500	antibiotics	
are	 in	 use	 with	 80%	 of	 clinical	 antibiotics	 being	 originally	 isolated	 from	 soil	
microbes	(Dischinger	et	al.,	2009;	Falkinham	et	al.,	2009).	Traditionally,	Bacillus	
species	isolated	from	soil	are	the	most	important	source	of	antibiotics	production	










such	 plasmids	 can	 allow	 the	 coexistence	 of	 antibiotic-producer	 species	 with	
antibiotic-resistant	 strains	 via	 new	 bioactive	 products	 synthesis	 allowing	
competition	 with	 their	 continuously	 evolving	 and	 now	 antibiotic	 resistant	
counterparts	(Woappi	et	al.;	Abbas	et	al.,	2014).	Because	of	the	identification	and	
spread	of	resistance	bacteria,	there	is	greater	need	for	alternative	new	and	more	
effective	 antibiotics.	 (Abbas	 et	 al.,	 2014;	 Allen	 et	 al.,	 2014).	 In	 addition	 to	 the	
essential	 role	 of	 the	 production	 of	 antibiotics	 in	 interference	 competition	 in	
microbial	community,	certain	antibiotics	are	known	to	influence	 	the	producer	





determined	 (Gardner	 et	 al.,	 2004;	 Gillor	 et	 al.,	 2008).	 In	 a	 model	 for	
parasitic	infections,	it	was	observed	that	the	production	of	bacteriocin	can	be	a	




some	 of	 the	 resources	 due	 to	 the	 reduction	 of	 population	 densities.	However,	
increased	 frequency	 of	 the	 producer	 would	 lead	 to	 decreased	 fitness	 of	
competing	 susceptible	 strains.	 The	 spiteful	 behaviour	 at	 intermediate	









(Yeaman	 and	 Yount,	 2003).	 Commonly,	 the	 positive	 charge	 of	 	 bacteriocin	
molecules	 and	 the	 negative	 charge	 of	 bacterial	 cell	 membrane	 produce	 an	
electrostatic	interaction	between	them	leading	to	an	inhibition	mechanism	and	
consequently	gaining	access	to	the	cellular	targets	of	the	bacterial	cell	(Yeaman	
and	 Yount,	 2003;	 Malanovic	 and	 Lohner,	 2016).	 Changing	 properties	 of	 the	














to	 the	 negative	 association	 between	S.	 aureus	 and	S.	 epidermidis	 (Frank	 et	 al.,	
2010;	Libberton	et	al.,	2014;	Libberton	et	al.,	2015).	In	addition	to	the	production	
of	 lantibiotics	 by	 staphylococci	 (chapter	 1),	 exclusion	mechanisms	 between	S.	
aureus	 and	 S.	 epidermidis	 in	 nasal	 communities	 revealed	 that	 S.	 epidermidis	
strains	possess	an	endoserine	peptidase	(ESP)	capable	of	inhibiting	formation	of	






which	 disrupt	microbial	membranes	 to	 kill	 the	 organism	 (Cogen	 et	 al.,	 2010).	








aureus	 lacks	 antimicrobial	 activity	 although	 it	 has	 physicochemical	 properties	
similar	to	PSM-γ	of	S.	epidermidis	(Dhople	and	Nagaraj,	2005).	Perhaps	studies	
are	 lacking	 into	 the	 antimicrobial	 activity	 of	 S.	 aureus	 against	 other	 species.	
Nonetheless,	 the	 existence	 of	 interspecies	 competition	 between	 S.	 epidermidis	
and	 S.	 aureus,	 means	 more	 details	 are	 needed	 to	 further	 explore	 and	 to	
understand	staphylococcal	molecular	interactions.		
	
In	 the	 laboratory,	 understanding	 the	 factors	 that	 affect	 relationship	 between	
species	 is	based	on	studying	 isolated	single	species.	However,	species	 live	and	

























Since	 the	 staphylococci	 are	 frequent	members	of	 the	 complex	 communities	 of	
microbes	living	on	and	within	human	skin,	they	must	compete	with	each	other	




have	 developed	 multiple	 resistance	 mechanisms	 to	 combat	 these	 substances.	
Among	these,	the	well-studied	two-component	systems	GraRS,	BraRS	and	VraSR	
independently	 sense	 environmental	 antimicrobials	 and	 direct	 collective	 cell	
surface	changes	that	contribute	to	resistance	from	certain	lantibiotics.		
	
The	 main	 aim	 of	 this	 chapter	 was	 to	 screen	 multiple	 coagulase-negative	
staphylococci	(CoNS)	for	their	ability	to	inhibit	the	growth	of	different	S.	aureus	





studied,	 focusing	 upon	 S.	 aureus	 and	 S.	 epidermidis	 as	 two	 of	most	 important	
species	within	 human	 skin	 and	nasal	microbiomes.	Moreover,	 there	would	 be	
study	of	the	potential	of	these	species	to	modulate	the	action	of	antimicrobials	as	
consequences	 of	 competition	 over	 time	 by	 co-culturing	 toxin	 producing	 S.	
epidermidis	 and	 susceptible	 S.	 aureus	 under	 two	 growth	 conditions	 of	 batch	
culture	 and	 agar	 plates.	 The	 hypothesis	 was	 proposed	 that	 resistance	 to	













	3.3.1	 A	 diversity	 of	 coagulase-negative	 staphylococci	 (CoNS)	 have	
antimicrobial	activity	against	S.	aureus		
To	 visualise	 and	 quantify	 interference	 competition	 phenotypes	 between	
Staphylococcus	 species,	 the	 ability	 of	 a	 suite	 of	 62	 coagulase-negative	
Staphylococcus	(CoNS)	strains	including:	S.	epidermidis,	S.	hominis	and	S.	capitis	
and	S.	warneri,	to	secrete	inhibitors	that	measurably	restrict	S.	aureus	growth	was	
tested	 by	 using	 a	 deferred	 growth	 inhibition	 assay.	 Four	 S.	 aureus	 strains	
(SH1000,	 Newman,	 SF8300	 (USA300)	 and	 B032)	 were	 used	 as	 the	 assay	
indicators.	 Of	 these,	 SH1000,	 Newman	 and	 USA300	 are	 well-characterised	 S.	
aureus	 strains.	While	 S.	 aureus	 B032	 and	 the	 CoNS	 staphylococci	 test	 isolates	
were	available	 from	a	previous	study	of	 the	nasal	microbiome	 in	 the	 research	




Within	 the	 deferred	 inhibition	 assay,	 growth	 of	 a	 producer	 strain	 at	 a	 central	
location	on	an	agar	plate	overnight	should	lead	to	secretion	of	antimicrobials	into	
the	agar.	This	secretion	is	measurable	by	the	subsequent	spraying	over	of	a	test	





the	 antimicrobial	 activity.	 The	 appearance	 of	 the	 zone	 was	 also	 classified	
qualitatively.	
	
Growth	 inhibition	 was	 qualitatively	 scored	 for	 clarity,	 ranging	 from	 4,	 being	
completely	 clear	 with	 no	 growth	 in	 zone	 (red	 colour),	 to	 1,	 representing	 no	
inhibition	 (blue	 colour)	 (Fig.	 3.1).	 The	 zone	 of	 inhibition	 was	 quantified	 for	








S.	 aureus.	 Among	 the	 inhibitory	 strains,	 8	 of	 them	showed	a	 very	pronounced	
activity	based	on	their	clarity	scores,	6	S.	epidermidis	strains	(J008,	BJ014,	B004,	
B155,	B180	and	B224)	and	2	S.	capitis	strains	(B160	and	237)	(Fig.	3.1).	Strain	
BJ014	 produced	 a	 large	 inhibition	 zone	 of	 growth	 with	 S.	 aureus	 Newman,	
USA300	and	B032	with	average	diameters	of	12,	16	and	14	mm)	respectively,	









aureus	 where	 some	 of	 them	 inhibited	 one	 strain	 but	 were	 not	 active	 against	
others.		For	example,	S.	warneri	B020	was	negatively	affected	growth	of	S.	aureus	
B032	(clarity	score	=3)	but	was	not	able	to	inhibit	other	strains.	 	Meanwhile,	S.	

















possess	 antimicrobial	 properties	 did	 not	 necessarily	 exert	 their	 activity	 on	 all	
species	or	isolates	tested.	Thus,	21/43	S.	epidermidis,	4/6	S.	hominis,	5/8	S.	capitis	
and	3/6	S.	warneri	isolates	exhibited	activity	towards	S.	aureus	in	the	assay.		S.	
hominis	was	 the	 least	effective	 species	at	killing	S.	aureus	 based	on	 the	 clarity	
score,	with	the	isolates	tested	being	ranked	at	the	minimum	level	of	inhibition.			S.	
epidermidis	 was	most	 effective	 proportionately	 as	 an	 inhibitory	 CoNS	 species	
based	on	a	score	of	4	for	clarity	and	therefore	complete	killing	of	S.	aureus,	at	least	
under	 the	 conditions	 studied.	 Despite	 the	 observation,	 few	 isolates	 of	 S.	
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their	doubling	 times,	prior	 to	competition	experiments.	An	 initial	OD600	=	0.05	
was	 used	 for	 inoculation	 and	 the	 growth	 duration	 was	 7	 h	 at	 37°C	 with	 the	
measurement	 of	 optical	 density	 every	 hour.	 S.	 aureus	 SH1000	 was	 used	 as	 a	
competition	control	to	compare	it	with	the	S.	epidermidis	strains.	The	exponential	
doubling	 times	 of	 S.	 epidermidis	 B155	 and	 B115	 although	 greater	 were	 not	




The	 doubling	 times	 calculated	 in	 hours	 represent	 the	 mean	 values	 from	 3	 technical	
replicates.	S.	aureus	 SH1000	doubling	 time	was	used	as	 control	 to	 compare	 it	with	S.	
epidermidis	both	B155	and	B115.	There	was	no	significant	difference	between	any	of	the	
S.	epidermidis	strains	tested	and	the	S.	aureus	strain	SH1000	used	in	this	study.   
 




S.	epidermidis	B155	 1.01	 -0.1254	 0.079	



























aureus	 strain	 from	 rare	 frequency	 (ratio)	 at	 (0.001).	 	 Here,	 we	 evaluated	 the	
growth	 dynamic	 of	 S.	 aureus	 laboratory	 strain	 SH1000	 in	 co-culture	 with	
inhibitor-producing	S.	epidermidis	B155	where	both	species	have	similar	growth	







were	 counted	 every	 day	 as	 colony	 forming	 units	 (CFU)	 and	 species	 were	
distinguished	based	on	colony	pigmentation	and	morphology.		
From	comparison	of	co-cultures,	there	was	a	different	dynamic	between	species	





on	 the	 viable	 counts	 (CFU)	 suggesting	 that	 the	 role	 of	 its	 antimicrobial	 action	
against	S.	 aureus	was	 a	 contribution	 (Fig.	 3.3)	 given	 the	 success	 of	 this	 toxin-
producing	 isolate	 on	 BHI	 agar.	 Then,	 the	 S.	 epidermidis	 B155	 population	













SH1000	 acquired	 some	 genetic	 change	 to	 cope	 with	 toxin	 producing	 S.	
epidermidis	B155	that	enabled	it	to	effectively	compete	and	outgrow	it.		
	
For	 comparison,	 growth	 of	 S.	 aureus	 SH1000	 and	 the	 non-inhibitory	 strain	 S.	




B115,	 although	 each	had	 similar	 cell	 numbers	 on	 the	 first	 and	 seventh	day	of	
about	 3.7	 x	 109	 and	 4.3	 x	 109	 CFU	ml-1,	 respectively.	 	 In	 co-culture,	 S.	 aureus	












































































































































was	determined	by	viable	 counts.	S.	aureus	mono-culture	 (empty	orange	 square),	S.	
aureus	from	coculture	(solid	orange	square),	S.	epidermidis	single	culture	(empty	green	










for	 secreted	 antimicrobial	 to	 modulate	 competition	 between	 S.	 aureus	 and	 S.	
epidermidis.	To	 further	assess	 these	two	species	under	competitive	conditions,	
growth	of	 the	 selected	 isolates	was	 further	evaluated	by	 coculture	using	agar.	
This	experimental	design	would	enable	the	physical	proximity	of	species	upon	







In	 coculture,	S.	 epidermidis	 B155	had	greater	 cell	 yield	 than	S.	 aureus	SH1000	








108	CFU	ml-1	 	 	 indicating	 little	 relative	difference	 (Fig.	 3.5).	 The	S.	 aureus	 yield	
increased	 5-fold	 on	 day	 six	 and	 seven	 compared	with	 day	 five.	 However,	 the	
population	of	S.	epidermidis	B155	showed	a	drop	in	cell	numbers	to	1.5	×	108	on	
day	 8	 (Fig.	 3.5).	 Overall	 the	 pattern	 of	 growth	 yield	 indicates	 under	 these	




























































































































































Growth	was	determined	by	 viable	 counts.	S.	 aureus	monoculture	 (empty	orange	
square),	S.	aureus	from	coculture	(solid	orange	square),	S.	epidermidis	monoculture	











had	 adapted	 with	 a	 fixed	 genetic	 phenotype	 due	 to	 competition	 with	 S.	
epidermidis	 B155.	 Around	 50	 S.	 aureus	 SH1000	 clones	 were	 selected	 from	
different	days	(day	1,	12	and	15)	and	competed	with	ancestor	and	S.	epidermidis	
B155	clones	from	the	end	of	the	experiment	using	a	deferred	growth	inhibition	











(Fig.	 3.8A)	 and	 with	 S.	 epidermidis	 B155	 clone	 day1	 4.16	 ±	 0.40	 (Fig.	 3.8B).	
Therefore,	there	was	no	significant	difference	detected	between	the	diameters	of	


















zone	 of	 inhibition	 (4.16	 ±	 0.40	mm)	 and	 (4.17	 ±	 0.20	mm),	 respectively	 (Fig.	
3.10A&B).	 Comparing	 to	 wild	 type,	 no	 statistically	 significant	 difference	 was	
identified	in	growth	inhibition	early	in	the	competition	(with	S.	epidermidis	B155	





with	 S.	 aureus	 wild	 type	 (t-test,	 P	 <	 0.05)	 (3.10A&B).	 This	 supported	 that	




aureus	 SH1000	 during	 the	 experiments	 was	 investigated.	 S.	 aureus	 SH1000	
ancestor	 strain	 was	 sprayed	 over	 selected	 B155	 clones	 from	 different	 days.	
Clearly,	 S.	 epidermidis	 B155	 clones	 produced	 inhibition	 area	 against	 S.	 aureus	



















was	 no	 significant	 difference	with	 S.	 epidermidis	 clones	 from	 the	 competition	
when	tested	for	inhibition	of	S.	aureus	ancestral	strain,	this	may	indicate	that	S.	
epidermidis	 was	 not	 selected	 for	 increased	 fitness	 via	 enhanced	 antimicrobial	
expression	during	competition	with	S.	aureus	over	the	time	length	of	the	assay	.	






















































































































































































































































Figure	 3.10	 Growth	 inhibition	 of	 S.	 aureus	 SH1000	 clones	 isolated	 from	
competition	with	S.	epidermidis	B155.	(A)	Inhibition	zone	(mm)	of	S.	aureus	SH1000	
WT	(black	bar)	and	S.	aureus	SH1000	clones	from	day1	and	8	(grey	bar)	tested	against	
ancestor	S.	 epidermidis	B155.	 (B)	 Inhibition	 zone	 (mm)	 for	 the	S.	 aureus	 SH1000	WT	






























































































































B155,	S.	 aureus	 SHG01	 (evolved)	 population	 fitness	 that	 isolated	 from	day	 12	
during	compeition	in	 liquid	culutre	was	assessed	by	competing	isolated	clones	




control.	 The	 frequency	 of	 the	 competitor	 species	 was	 enumerated	 by	 serial	
dilution	 on	 BHI	 agar	 plates.	 	 Competition	 by	 S.	 epidermidis	 B155	 significantly	
reduced	the	number	of	viable	S.	aureus	WT	cells	(1.3	×	108	CFU	ml-1)	compared	
with	S.	aureus	cultured	alone	(1.665	×	109	CFU	ml-1)	(P	<	0.001,	n=3)	(Fig.	3.13).		
There	was	 no	 significant	 difference	 in	 growth	 yield	 between	 S.	 aureus	 SHG01	




significant	 between	 dual	 S.	 aureus	 WT	 and	 dual	 S.	 aureus	 SHG01	 (evolved)	
(P=0.002,	n=3)	(Fig.	3.13).	The	data	presented	in	Fig.	3.12	clearly	illustrates	that	
the	 S.	 aureus	 SHG01	 (evolved)	 strain	 competed	 very	 effectively	 with	 S.	
epidermidis	B155	(ratio	~7:1	of	S.	aureus	evolved:	S.	epidermidis)	this	was	based	
on	the	number	of	pigmented	S.	aureus	(yellow)	compared	with	non-pigmented	S.	










































































































































































(Libberton	 et	 al.,	 2014),	 indicating	 the	 presence	 of	 different	 antimicrobial	
outcomes.	The	study	revealed	a	large	variation	of	antimicrobial	activity	in	(CoNS)	
that	 is	 likely	 to	 also	 represent	 simultaneous	 variability	 in	 host	 sensitivity	 and	
expression	of	antimicrobial	by	the	CoNS	isolates.	Regardless,	the	assay	revealed	
the	 wide	 difference	 in	 outcomes	 of	 competition	 between	 isolates	 and	 hosts.		
While	also	the	largest	study	group,	of	all	the	(CoNS)	screened,	S.	epidermidis	was	













greatest	 qualitative	 clarity	 score	 in	 4/5	 isolates	 that	 had	 pronounced	 activity	
across	all	four	tested	indicator	S.	aureus	strains.		Similarly,	one	S.	capitis	(B273)	
strain	had	pronounced	activity	against	all	S.	aureus	 indicator	 strains.	 S.	 capitis	
(B160)	 was	 also	 active	 against	 all	 S.	 aureus	 but	 in	 less	 degree	 of	 inhibition	
compared	 to	 strain	 (B273).	 It	 was	 presumed	 likely	 that	 the	 presence	 and	







isolates	 to	 be	 a	 measure	 of	 expression	 level	 combined	 with	 indicator	 host	
resistance	threshold.		Across	the	panel	of	isolates	tested,	29	of	the	62	CoNS	strains	
exhibited	no	apparent	activity	towards	S.	aureus.		The	reasons	for	this	are	unclear	
but	 could	 range	 to	 conditions	 of	 the	 assay,	 expression	 level,	 absence	 of	






hominis	MBBL	2–9.	 (Kim	 et	al.,	2010).	This	 latter	bacteriocin	was	 found	 to	be	
active	against	antibiotic-resistant	S.	aureus	such	as	VISA	and	MRSA	strains	(Kim	
et	al.,	2010).	Previous	work	by	Nakatsuji	et	al.,	(2017)	showed	that	the	 lack	of	
coagulase-negative	 staphylococcal	 (CoNS)	 species,	 including	 S.	 hominis	 and	 S.	
epidermidis,	 that	 produced	 antimicrobial	 activity	 on	 the	 skin	 of	 patients	 with	
atopic	dermatitis	(AD)	was	strongly	associated	with	increased	colonisation	of	S.	
aureus	 (Nakatsuji	 et	 al.,	 2017).	 These	 unknown	 AMPs	 were	 proposed	 to	 act	





out	of	6	S.	hominis	 isolates	 showed	a	 low	effective	 inhibition	against	S.	aureus	
B032)	 However,	 USA300	 strain	 was	 not	 inhibited	 by	 either	 S.	 hominis	 or	 S.	
warneri	strains	from	the	panel	tested.		Moreover,	based	on	the	target	strain	there	
were	clear	differences	in	antimicrobial	activity	by	which	producing	toxin	strains	
had	 ability	 to	 inhibit	 some	 S.	 aureus	 strains	 but	 not	 inhibited	 others.	 In	 the	
literature	similar	findings	have	already	been	found	regarding	the	production	of	
bacteriocins.	 Within	 species,	 some	 strains	 might	 be	 susceptible	 while	 others	











the	 most	 important	 and	 ubiquitous	 members	 being	 S.	 epidermidis	 (Arvidson,	




















The	 antagonistic	 interaction	 between	 two	 species	 will	 depend	 on	 the	
effectiveness	of	secreted	inhibitory	molecules.		In	the	laboratory,	environmental	
conditions	 (nutrients,	 temperature,	 pH,	 etc.)	 can	 affect	 the	 stimulation	 and	
production	of	bacterial	bacteriocins	that	facilitate	their	effective	interaction	with	










successfully	 invade	 into	 a	 population	 of	 sensitive	 strain	 under	 unstructured	
environmental	conditions	(Chao	and	Levin,	1981).	Wloch-Salamon	et	al.	(2008)	
cultured	 Saccharomyces	 cerevisiae	 isogenic	 K1	 toxin-producing	 and	 sensitive	
strains	 together	 in	 competition	 under	 low	 and	 high	 nutrient	 conditions.	 They	
found	 that	 in	 high	 nutrient	 environments,	 inhibitory	 toxin-producing	 strains	
were	 able	 to	 outcompete	 sensitive	 strains,	 whereas	 under	 low	 nutrient	
conditions	 they	were	out-competed.	The	authors	argued	 that	 the	 lack	of	 toxin	
production	seen	in	the	low	nutrient	environment	is	unlikely	to	be	solely	due	to	a	
nutritional	 constraint,	 but	 rather	 due	 to	 a	 physiological	 change	 in	 toxin	





species	 dominated	 the	 batches	 culture	 supporting	 the	 idea	 that	 nutrient	 rich	
media	 favour	 the	 toxin	 producing	 bacteria	 and	 our	 data	 suggested	 that	






any	 benefit	 would	 be	 because	 there	 is	 insufficient	 sensitive	 strains	 to	 kill,	
therefore	there	are	limited	nutrients	to	be	obtained	from	costly	toxin	production.	
Similarly,	 at	 a	 low	 frequency	 of	 producer,	 both	 strains	 will	 share	 freed	 up	




strain	(Inglis	 et	al.,	2009).	However,	at	 	 intermediate	 frequency	a	great	 fitness	
advantage	 can	 be	 gained	 by	 a	 bacteriocin	 producer	 strain	 via	 killing	 sensitive	
competitor	strains	and	accordingly	freeing-up	nutrients	via	paying	off	to	prevent	
competitors	from	growing		into	unexploited	patches	and	by	removing	them	from	
their	current	one	 (Inglis	 et	al.,	2009).	Results	presented	here	 in	 this	study	are	
consistent	 with	 a	 study	 showing	 that	 Pseudomonas	 aeruginosa	 produced	 a	
molecule	 that	 inhibited	 the	 growth	 of	E.	 coli	when	 they	were	 cocultured	with	




in	 interspecific	 competition,	 species	 adaptation	 to	 such	 competition	 is	 still	
relatively	underdescribed.		Certain	organisms	sharing	the	same	environment	can	
result	 in	changes	of:	adaptation	patterns,	growth	of	organisms,	morphology	or	
development	 of	 their	 ability	 to	 synthesise	 components	 including	 proteins	 (de	
Souza	et	al.,	2017).	Through	the	study	presented	here,	laboratory	experimental	
competitions	 identified	 that	 after	 competing	 for	 a	 sufficient	 number	 of	 days	
under	 planktonic	 conditions,	 S.	 aureus	 evolved	 resistance	 after	 continued	
exposure	 to	 toxin	 produced	 by	 S.	 epidermidis	 B155;	 this	 supports	 multiple	
pathways	 to	 combat	 interspecies	 competition.	 A	 similar	 resistance	 evolution	
pattern	 occurred	 in	 S.	 aureus	 clones	 from	 day	 8	 competed	 on	 a	 solid	 surface.	
Comparison	 of	 competitiveness	 of	 S.	 aureus	 evolved	 clones	 to	 their	 common	
ancestor	 in	competition	with	S.	epidermidis	B155	ancestor	strain	revealed	that	
evolved	strains	cells	were	had	greater	fitness	to	S.	epidermidis	B155.		Compared	
with	 S.	 aureus	 wild-type	 after	 competition	 for	 24h	 evolved	 S.	 aureus	 clones	
exhibited	 a	 resistance	 phenotype	 toward	 toxin-producing	 S.	 epidermidis	 B155	
with	evidence	for	fixed	genetic	variations	as	the	cost	of	resistance.	This	outcome	
supported	 that	 antibiotic	 resistance	mechanisms	might	 also	 play	 a	 role	 in	 the	
















Weidenmaier	 et	 al.,	 2004)	 and	 dltABCD	 operons	 (Peschel	 et	 al.,	 1999).		
Collectively,	 these	 mutations	 lead	 to	 modification	 of	 cell	 wall	 net	 charge	 and	
membrane	components	(Weidenmaier	et	al.,	2005;	Ernst	et	al.,	2009).	It	could	be	
examined	 with	 future	 experiments	 whether	 deletion	 of	mprF	 or	 dlt	 operons	
increases	 sensitivity	 of	 S.	 aureus	 to	 toxin	 producing	 S.	 epidermidis	 B155.	 To	
further	 investigate	 the	 mechanism	 responsible	 for	 the	 inhibition	 of	 S.	 aureus	
growth	by	S.	epidermidis,	the	toxin	should	be	purified	by	using	high	performance	
liquid	chromatography	(HPLC)	potentially	in	conjunction	with	nuclear	magnetic	




Further	 experiments	 in	 this	 chapter	 examined	 whether	 S.	 epidermidis	 B155	
changed	phenotype	and	increased	its	production	of	inhibitor	or	alternative	toxins	
against	S.	aureus	by	testing	S.	epidermidis	clones	selected	from	different	days	of	
competition	 using	 the	 deferred	 inhibition	 assay	 with	 S.	 aureus	 SH1000.	 No	
changes	in	phenotype	were	seen	in	any	tested	clone	compared	with	wild	type,	
supported	 by	 no	 significant	 difference	 in	 diameter	 of	 inhibition	 zone.	 The	
outcome	could	indicate	that	S.	epidermidis	B155	became	a	less-fit	competitor	due	
to	 the	 reduction	of	 cell	number	over	 time,	particularly	 towards	 the	end	of	 the	
experiment.	 	 Habets	 et	 al.,	 2007	 suggested	 increasing	 numbers	 of	 invader	






previously	 by	 Libberton	 et	 al.,	 2015	 who	 found	 that	 inhibitor-producing	 S.	




study	 presented	 here	 by	 detection	 and	 characteristics	 of	 genetic	 variations	
between	S.	epidermidis	clones	and	wild	type	is	described	in	the	following	chapter.		
S.	 aureus	 SH1000	was	 observed	 to	 be	 a	more	 successful	 competitor	when	 co-




least	 in	 the	 first	 few	 days	 which	 would	 suggest	 either	 there	 is	 a	 degree	 of	
antagonism	or	resource	sharing.		Each	species	grew	well	in	monoculture	thus	the	
presence	 of	 S.	 epidermidis	 did	 not	 affect	 the	 population	 size	 of	 S.	 aureus.	 S.	



























In	 many	 laboratories,	 the	 use	 of	 whole-genome	 sequencing	 technologies	 has	
become	an	attractive	tool	to	gain	insight	into	small	bacterial	genomes,	including	
their	evolution	and	species	epidemiology	(Jamrozy	et	al.,	2017).	This	advance	was	
facilitated	 by	 high-throughput	 data	 acquisition	 from	massively	 parallel	 short-
read	 sequencing	 with	 greater	 sequencing	 depths	 generated	 by	 the	 second	
generation	 Illumina	 sequencing	 platform.	With	 the	 advent	 of	 third	 generation	
sequencing,	the	single	molecule	real	time	sequencing	(SMRT)	PacBio	platform	is	
able	 to	 produce	 very	 long	 reads	 up	 to	 and	 exceeding	 10	 kb	 in	 length,	 with	







Whole-genome	 comparisons	 enable	 powerful	 genetic	 approaches,	 such	 as;	
detection	of	genetic	determinants	associated	with	drug	resistance	(Friedman	et	
al.,	 2006);	 comparing	 transmission	 dynamics;	 phylogenetics;	 molecular	
epidemiology;	estimations	of	mutation	rates;	and	phylogeography	(Benjak	et	al.,	
2015).	 The	 comparative	 DNA	 analysis	 between	 resistant	 and	 susceptible	 or	
parent	S.	aureus	strains	has	determined	suites	of	genes	that	are	responsible	for	S.	
aureus	 resistance	 and	 virulence	 phenotypes	 (Friedman	 et	 al.,	 2006).	 A	 good	
example	of	the	resolving	power	of	using	this	technique	was	the	identification	of	
the	 genetic	 basis	 for	 resistance	 in	 glycopeptide	 intermediate	S.	 aureus	 (GISA),	








changing	 the	 target	 to	make	 it	 less	 sensitive	 to	 drug	 action	 (Andersson	 et	 al.,	
2016).	 For	 instance,	methicillin-resistant	S.	 aureus	 strains	utilise	phospholipid	
cell	 membrane	 adaptations	 via	 PgsA	 (phosphatidylglycerol	 synthase),	 	 Cls	
(cardiolipin	synthase),	MprF	(multiple	peptide	resistance	factor)	among	others	
to	 change	 its	 negative	 surface	 charge	 as	 a	 protective	 tactic,	 evolved	 possibly	
against	 the	 insertion	 of	 positively	 charged	 cationic	 AMPs	 (CAMPs)	 that	 also	
calibrates	 fluidity	 versus	 rigidity	 of	 cell	 membrane	 to	 resist	 the	 AMPs	 action	
(Maria-Neto	et	al.,	2015).	In	addition,	resistance	could	be	achieved	by	extruding	
outside	 the	 bacterial	 cells	the	 antimicrobial .	 This	 resistance	 mechanism	 is	
controlled	 by	 the	 expression	 of	 efflux	 pumps,	 for	 example	 tetracycline	 efflux	
pumps	that	confer	tetracycline	resistance	this	phenomenon,	as	described	in	E.	coli	
(Wang	et	al.,	2014;	Munita	and	Arias,	2016).	Another	mechanism	used	by	bacteria	








linked	 to	MGEs,	which	 can	move	 between	microbial	 cells	 (Frost	 et	 al.,	 2005).	
Research	 identified	 that	 many	 plasmids	 carry	 resistance	 genes,	 which	 make	
bacterial	host	cells	capable	of	growth	in	the	presence	of	antimicrobials	including	
heavy	metals,	which	 likely	have	spatially	or	 temporarily	variable	distributions	
(Eberhard,	1990).	Phages	were	 reported	 to	have	a	 crucial	 role	with	 increased	
virulence	of	 bacteria,	 such	 as	 temperate	bacteriophage	 (CTXf)	 chracterised	 in	
Vibrio	 cholerae	 (Rankin	 et	 al.,	 2011;	 Faruque	 and	Mekalanos,	 2012).	Although	










(Malachowa	 and	DeLeo,	 2010;	 Otto,	 2014).	 Secreted	 virulence	 factors	 include	
Panton-Valentine	Leucocidin	[PVL],	which	is	prophage-encoded	and	contributes	
to	 necrotic	 skin	lesions	 caused	 by	 S.	 aureus.	 In	 the	 USA,	 around	 53–62%	 of	S.	
aureus	isolated	from	skin	and	soft	tissue	infections	possess	PVL	genes	(Amissah	
et	 al.,	 2017).	 Contrastingly,	 in	 CoNS	 few	 prophages	 are	 observed	 in	 clinical	






to	 horizontally	 transfer	 genes	 from	 S.	 aureus,	 which	 means	 this	 commensal	
species	 potentially	 could	 accept	 some	 virulence	 determinants	 (Argemi	 et	 al.,	
2017).	 Finally,	 many	 pathogenicity	 islands	 identified	 in	 S.	 aureus	 encode	
superantigens	and	virulence	factors	(Gal-Mor	and	Finlay,	2006)	while	few	toxin	
genes	are	found	on	CoNS	pathogenicity	islands,	although	it	was	reported	that	an	














2017).	 Typically,	 the	 peptide	 elongations	 required	 module	 comprises	 three	








found	 in	 the	 N-terminus	 of	 each	 module	 (Roongsawang	 et	 al.,	 2005;	 Jenke-
Kodama	 and	 Dittmann,	 2009;	 Strieker	 et	 al.,	 2010).	 Thioesterase	 (TE)	 is	 an	







modification	 (Hildebrand	 et	 al.,	 2004).	 The	 core	 domains	 consisting	 of	 a	 β-
ketoacyl	 synthase	 (KS)	 and	 an	 acyl	 carrier	 protein	 (ACP)	 responsible	 for	
condensing	successive	acyl-CoA	substrates	that	are	selected	and	activated	by	an	
acyltransferase	(AT)	(Hopwood	and	Sherman,	1990;	Donadio	et	al.,	1991;	Khan	
et	 al.,	 2014).	 There	 are	 other	 additional	 domains	 that	may	 be	 present	 in	 the	
module	to	activate	the	substrate	to	form	the	chemical	structure	diversity,	such	as	
ketoreductase	 (KR),	 enoylreductase	 (ER)	 and	 	 dehydratase	 (DH)	 (Liou	 and	
Khosla,	2003;	Khan	et	al.,	2014;	Aleti	et	al.,	2015).	Within	modules,	the	variability	
of	the	interdomains	and	intradomains	together	with	the	differences	in	module	
















anthracyclines;	 many	 polyketides	 have	 potential	 for	 the	 development	 of	
commercial	drugs	(Arteaga	et	al.,	2017).	
	
In	 recent	 years,	 to	 identify	 novel	 microbial	 secondary	 metabolites,	 several	
bioinformatics	tools	have	been	developed	with	information	on	biosynthetic	gene	
clusters	and	secondary	metabolites.	Several	of	the	major	web-based	tools,	such	
as	 NaPDoS	 (Ziemert	 et	 al.,	 2012),	 antiSMASH	 (Medema	 et	 al.,	 2011)	 and	
NP.searcher	(Li	 et	al.,	2009),	were	developed	using	hidden	Markov	models	 for	
idintification	 of	 NRPS	 and	 PKS	 encoding	 loci	 in	 bacterial	 genomes.	 Further	
information	 about	 cluster	 prediction	 can	 be	 obtained	 by	 antiSMASH,	 which	
enables	 BLAST	 searches	 with	 the	 predicted	 gene	 cluster	 to	 detect	 its	 closest	





annotations,	 they	 come	 at	 the	 cost	 of	 narrow	 specificity	 and	often	have	no	 or	
limited	maintenance.	Most	 of	 these	 systems	 are	 focused	 on	 specific	 classes	 of	
species,	 such	 as	 streptomycetes	 or	 types	 of	 biosynthetic	 clusters	 (e.g.,	 PKS/	
NRPS).	In	addition,	some	analyses	have	relatively	few	records	and	do	not	provide	
























































identify	mutations	 that	 accrued	 in	 experimentally	 evolved	 S.	 aureus	 genomes	
compared	 with	 wildtype.	 Before	 sequencing,	 all	 genomic	 DNA	 samples	 were	
verified	 to	 ensure	 their	 high	 quality	 with	 a	sufficient	quantity	 for	 sequencing.	
DNA	samples	used	for	sequencing	were	purified	for	low	protein,	salts	and	solvent	
contamination.	The	purity	of	DNA	was	assessed	to	have	the	ratio	of	absorbance	


















A1-day01	 104.0	 1.9	 1.8	





B1-day01	 103.7	 1.9	 1.9	
B2-day03	 65.0	 1.9	 1.9	
B3-day09	 69.7	 1.8	 1.8	
B4-day12	 71.5	 1.9	 1.8	
B5-day13	 59.4	 1.8	 1.9	





C1-day01	 131.4	 1.9	 1.8	
C2-day03	 92.0	 1.9	 1.8	
C3-day09	 85.0	 1.9	 2.2	
C4-day12	 130.5	 1.9	 2.2	
C5-day13	 115.5	 1.8	 2.0	










used	 to	 detect	 genomic	 variants,	 including	 single	 nucleotide	 polymorphism	
(SNPs)	and	insertions	and	deletions	(INDELs)	because	this	algorithm	can	rapidly	
analyse	 and	 annotate	 thousands	of	 variants	 and	predict	 their	 possible	 genetic	
effects	 (Cingolani	 et	 al.,	 2012).	 Polymorphism	 filtering	 was	 done	 by	 using	 a	
bespoke	perl	script	(unique_SNPs.pl)	to	exclude	any	identical	variants	found	in	
wild	 type	 compared	 with	 evolved	 isolates.	 SNPs	 and	 INDELs	 retained	 were	





the	 reference	 genome	 and	 were	 therefore	 disregarded	 during	 analysis	 of	 S.	
aureus	SH1000	clones.	
The	prediction	for	the	comparative	analysis	was	that	sequence	changes	would	be	
identified	 that	 accounted	 for	 increased	 competitive	 fitness	 and	 these	 changes	
would	include	alterations	to	nutrient	acquisition	and	metabolism.	With	respect	
to	 S.	 aureus	 antimicrobial	 resistance,	 additional	 mutations	 were	 predicted	
corresponding	 to	 known	 BraRS,	 GraRS	 and	 VraRS	 antimicrobial	 peptide	
resistance	loci	(Kawada-Matsuo	et	al.,	2013).		
The	 S.	 aureus	 genetic	 polymorphisms	 detected	 in	 resistance	 evolved	 SH1000	
comprised	7	SNPs	and	14	 INDELs.	Of	 these,	4	SNPs	out	of	7	were	 found	 to	be	
synonymous	SNPs	located	in	the	sdrC	and	sdrD	MSCRAMM-encoding,	clumping	
factor	 B	 (clfB)	 and	 hypothetical	 protein	 (SAOUHSC_00274)	 genes	 (Table	 4.2).	
Since	 these	mutations	were	expected	 to	be	 silent	 they	were	disregarded	 from	
analysis.	Remarkably,	three	SNPs	were	identified	that	could	be	associated	with	
antimicrobial	resistance,	within	the	reads	of	the	SH1000	clones	associated	with	
SAOUHSC_01313,	SAOUHSC_01314	and	 fabI	genes.	The	 latter	gene,	 fabI	 that	 is	
essential	 for	 S.	 aureus	 viability,	 encodes	 enoyl-acyl	 carrier	 protein	 (ACP)	
reductase	 associated	with	 fatty	 acid	 biosynthesis;	 in	 S.	 aureus	 and	E.	 coli	 this	





previous	days	or	 in	the	control.	 	This	SNP	was	a	C	to	T	base	change	 located	at	
chromosome	position	919997	upstream	of	the	fabI	gene.		
The	most	notable	observation	was	that	100%	of	reads	from	day	12,	day	13	and	





that	 were	 isolated	 from	 day	 13	 and	 15	 (Table	 4.3).	 	 Another	 SNP	 found	 in	
SAOUHSC_01314	 gene	 which	 encodes	 the	 response	 regulator.	 The	 SNP	
introduces	an	amino	acid	change	from	proline	to	isoleucine	(Phe90Ile).	This	TCS	
is	a	homologue	of	Bacillus	subtilis	DesKR	TCS,	which	controls	expression	of	a	fatty	
acid	 desaturase	 (des)	 gene	 at	 low	 temperatures	 to	 modify	 membrane	 lipid	
composition	and	regulate	membrane	fluidity	(Aguilar	et	al.,	2001).		
Further	identified	polymorphisms	(Table	4.3)	included	INDELs	located	in	genes	
associated	with	metabolism,	 including	 utilisation	 of	 carbohydrates,	 or	 the	 cell	
membrane	and	these	could	also	be	associated	with	S.	aureus	fitness:	deletion	of	a	
C	 nucleotide	 at	 position	 1283783	 located	 upstream	 of	 opuD,	 encoding	 a	
transporter	involved	in	the	uptake	of	glycine	betaine;		detection	of	a	C	nucleotide	
at	chromosome	poisition	947897	in	the	tarM	gene	involved	with	cell	wall		teichoic	
acid	 (WTA)	 modification	 (Xia	 et	 al.,	 2010)	 and	 it	 is	 located	 upstream	 of	 the	
hypothetical	 protein	 SAOUHSC_00971	 (Table	 4.3).	 A	 further	 deletion	 of	 a	 C	
nucleotide	was	within	the	scrA	gene	encoding	phosphoenolpyruvate-dependent	
sucrose	phosphotransferase	 system	(PTS).	Others	mutations	occurs	at	 regions	
1041999	 and	 1180884	 within	 loci	 encoding	 for	 rpmF	 and	 rpsB	 genes,	
respectively.	Both	genes	are	involved	in	protein	biosynthesis.	All	S.	aureus	clones	
contained	 a	 deletion	 of	 A	 nucleotide	 upstream	 of	 the	 gntK	 gene	 (gluconate	
kinase);	it	was	present	in	100%	of	reads	covering	the	chromosome	at	the	position	











































	 G	à	A	 Ser1192Ser	 Synonymous	
variant	
1,3,9,12,13,15	













Gene ID Gene product description Genome 
Position 
Base Change Codon 
change 
SNP effect Day of 
change 
SAOUHSC_00039 Hypothetical protein 47648 Deletion of T 
nucleotide 
 Upstream gene 
variant 
         
1,3,9,12,13,15 
SAOUHSC_00409 Hypothetical protein 412759 Insertion of T 
nucleotide 
 Upstream gene 
variant 
1,3,9,12,13,15 
SAOUHSC_00591 Hypothetical transmembrane 
protein 




   
1,3,9,12,13,15 
SAOUHSC_00947 FabI (enoyl-(acyl carrier protein) 
reductase) 
919997 C à T              -- Upstream gene 
variant 
13,15 
SAOUHSC_00971 Hypothetical protein 947897 Deletion of C 
nucleotide 
 Upstream gene 
variant 
1,3,9,12,13,15 
SAOUHSC_01071 Glycerophosphoryl diester 
phosphodiesterase 
1041999 Deletion of T 
nucleotide 
             -- Upstream gene 
variant 
1,3,9,13,15 
SAOUHSC_01233 Hypothetical protein 1180884 Deletion of T 
nucleotide 
 Upstream gene 
variant 
1,3,9,12,13,15 






Gene  Gene product description Genome 
Position 
Base Change Codon 
change 
SNP effect Day of 
change 
SAOUHSC_01314 Response regulator 1258581 T à A Phe90Ile Missense 
variant 
12 
SAOUHSC_01346 OpuD (glycine betaine transporter) 1283783 Deletion of C 
nucleotide 
            -- Upstream gene 
variant 
1,3,9,12,13,15 
SAOUHSC_01722 AlaS (alanyl-tRNA synthetase) 1632624 Insertion of A 
nucleotide 
             -- Upstream gene 
variant 
1,3,9,12,13,15 
SAOUHSC_01724  Hypothetical protein 1636250 Deletion of -T 
nucleotide 
 Upstream gene 
variant 
1,3,9,12,13,15 
SAOUHSC_02416 Hypothetical protein 2244931 Deletion of CT 
nucleotide 
 Upstream gene 
variant 
1,3,9,12,13,15 





SAOUHSC_02661 ScrA (PTS system sucrose-specific 
transporter subunit IIBC) 
2446160 Deletion of C 
nucleotide 
     Asn7fs Frameshift 
variant 
1,3,9,12,13,15 
SAOUHSC_02808 Gntk (gluconate kinase) 2592011 Deletion of A 
nucleotide 
             -- Upstream gene 
variant 
1,3,9,12,13,15 
SAOUHSC_03008 HisF (multifunctional imidazole 

















primers	were	used	to	amplify	 these	regions	 from	50	 	S.	aureus	evolved	clones	
isolated	 from	 day	 12	 (SHG02	 strain)	 and	 day	 15	 (SHG01	 strain)	 (Fig	 4.1).	
Subsequently,	the	purified	PCR	products	were	Sanger	sequenced	using	the	PCR	
amplification	 primers	 (DesR-FW	 and	 DesR-RV)	 (Chapter	 2,	 Table	 2.2).	 All	
sequences	were	compared	to	the	original	desk	and	desR	genes	found	in	the	NCBI	
database	 (http://www.ncbi.nlm.gov),	 S.	 aureus	 reference	 Sequence:		
NC_007795.1	 and	 	 the	 sequences	 were	 aligned	 with	 S.	 aureus	 WT.	 Pairwise	
sequence	alignment	was	preformed	using		EMBOSS	(European	Molecular	Biology	






















































gene	 and	 by	 using	 Blastn	 of	 about	 5000-15000	 bp	 from	 the	 beginning	 of	 the	
contig	to	compare	against	the	same	contig.	If	this	produced	significant	match	with	
both	 the	 start	 and	 end,	 the	 contig	 was	 considered	 to	 be	 circular.	 Artemis	
Comparison	Tool	(ACT)	was	also	used	to	confirm	the	repeated	regions	in	both	
















































Figure	 4.3	 Confirmation	 of	 circularity	 for	 contigs	 resulting	 from	 PacBio	
assembly	of	S.	epidermidis	B155	strain.	(A)	Shows	the	first	10,000	bp	of	contig	2	
against	contig	2	itself.	(B)	Shows	the	first	10,000	bp	from	contig	3	against	contig	3	







The	 assembly	 of	 S.	 epidermidis	 B155	 genome	 was	 annotated	 using	 PROKKA	
software	that	generates	gene	annotations	rapidly	by	predicting	coding	regions,	
translating	those	regions	into	amino	acid	sequences,	and	comparing	these	with	
databases	 of	 known	 proteins	 using	 BLASTp	 (Seemann,	 2014).	 The	 draft	 S.	
epidermidis	B155	genome	is	2,631,766	bp	 in	 length	with	overall	GC	content	of	

















The	 SnpEff	 tool	was	used	 to	 construct	 a	 reference	database	 for	S.	 epidermidis	
B155	 using	 .gff	 files	 created	 as	 PROKKA	 output.	 To	 identify	whether	 SNPs	 or	
INDELS	 were	 found	 in	 S.	 epidermidis	 B155	 after	 competition	 with	 S.	 aureus,	
Illumina	DNA	sequence	reads	from	S.	epidermidis	clones	were	aligned	with	the	
constructed	reference	genome	assembly	described	above.	SNP	analysis	was	then	




























An	 important	 genetic	 feature	 found	 in	 S.	 epidermidis	 B155	 genome	 was	 the	
presence	of	five	putative	plasmids	within	the	genome.	This	was	determined	from	





matched	with	a	 reference	within	 the	 large	protein	databases	UniProt	or	Pfam	
(Seemann,	 2014).	 Plasmid	map	 visualisation	 for	 circle	 contigs	was	 performed	





55.108	kb.	Blastn	 identified	 that	plasmid	of	 contig	2	 (pEPI155_2)	 shares	94%	
Table	4.6	Mutations	selected	in	S.	epidermidis	B155	clones	during	competition	with	
S.	 aureus	 SH1000.	 SNPs	 and	 INDELs	 from	 S.epidermidis	 B155	 clones	 selected	 after	
competition	experiment	in	planktonic	culture	from	day	1,	3,	9,	12,	13,	15.	All	mutations	


























known	 polyketide	 synthases	 (PKS)/non-ribosomal	 peptide	 synthases	 (NRPS).	





polyketide/NRP	modification.	 	 In	addition,	 the	presence	of	accessory	proteins,	
such	 as	 thioesterase	 (Epi_000026),	 phosphopantetheinyl	 transferase	
(Epi_000027)	and	 	permeaseATP	binding		ABC	transportermultidrug	resistance	
plasmid	indicates	the	antimicrobial	products	are	likely	to	in	the	same	proteins	
be	 NRPS	 or	 PKS	 since	 those	 proteins	 are	 required	 for	 their	 synthesis	 and	
export/innate	 resistance.	 Multiple	 genes	 encoded	 hypothetical	 proteins	 of	
RPS	genes	are	associated	unknown	function.	Whether	the	presence	of	PKS	or	N




staphylococci	 and	 the	 plasmid	 would	production	 has	 not	 been	 reported	 in	




























dehydrogenase;	 Provisional,	 growth	 regulator,	 ParA	 family	 protein,	 PemK-like	

















and	 Hayes,	 2016).	 	 The	 yefM-yoeB	 operon	 organisation	 (Epi_02381	 and	
Epi_02382)	 in	 pEPI155_3	 is	 similar	 to	 other	 bacterial	 toxin-antitoxin	 system	
module	 (100%	 identity)	 in	 which	 the	 first	 gene	 encodes	 the	 antitoxin	 and	
overlaps	 the	 toxin	 gene.	 Transposases	 (Epi_02380)	 encoded	 by	 IS110/IS492	
family	elements	are	also	found	in	this	plasmid. 










blaZ	 gene,	 which	 inactivates	 penicillin	 by	 hydrolysis	 of	 the	 beta-lactam	 ring	





(ACP)	 reductase	 present	 in	 S.	 aureus,	 S.	 epidermidis,	 and	 other	 staphylococci	













Figure	 4.5	 Plasmid	 map	 of	 pEPI155_4.	 The	 DNA	 sequence	 of	 contig	 4	 was	
annotated	 with	 ORFs	 from	 PROKKA	 and	 Blastp	 analysis.	 Gene	 products:	 Hyp	
hypothetical	protein,	YdaF	putative	ribosomal	N-acetyltransferase,	CopZ	Copper	
chaperone	 CopZ,	 CopA_2	 Copper-exporting	 P-type	 ATPase	 A,	 CsoR_3	 Copper-




ATP-binding	 protein,	 recombinase,	 EcsA	 ABC-type	 transporter	 ATP-binding	
protein,	 	 RepA	Replication	 initiator	 protein	 A.	 Colours	 represent	 the	 putative	
functions	 of	 the	 genes:	 magenta,	 genes	 involved	 in	 beta-lactam	 antibiotic	
resistance;	 light	 green,	 genes	 associated	 with	 heavy	 metal	 resistance;	 grey,	










98%	 identity	 and	 83%	 query	 coverage	 (Table	 4.7E).	 The	 plasmid	
contains	multiple	copies	of	signal	peptidase	encoding	genes	spsB_4	 and	spsB_3	
plus	a	pre_mob	gene	for	plasmid	recombination	and	mobilisation	(Table	4.7E).		
























Table 4.7A Genes present in pEPI155_2 that are homologous with S. epidermidis PM221 plasmid 1. Identity 94%, E-value 0, Query 
coverage 3%. Blast homolgy was preformed against the NCBI BLAST databases and the number in bracket indacte the the percent of 
identity. 
 




Coordinates Protein size 
(bp) 
Blast homology (%) 
 Epi_00001 putative ABC transporter 
ATP-binding/permease 
95-1309 404 ATP-binding cassette domain-
containing protein (99.27%) 
NRPS1 Epi_00002 Non-Ribosomal Peptide 
Synthesis 
1738-8130 2130 Non-ribosomal peptide 
synthetase (37%) 
 Epi_00003 phytoene desaturase 8142-9644 500 FAD-dependent oxidoreductase 
(100%) 
PKs1 Epi_00004 Polyketide synthase 9637-14322 1561 Polyketide synthases 
(46%) 
PKs2 Epi_00005 Polyketide synthase 14325-18683 1452 Polyketide synthases (38%) 
FenF Epi_00006 Malonyl CoA-acyl carrier 
protein transacylase 
18717-19988 423 ACP S-malonyltransferase 
(46%) 
NRPS2 Epi_00007 Non-Ribosomal Peptide 
Synthesis 
20037-35558 5173 Non-ribosomal peptide 
synthetase (32.37%) 
Hyp Epi_00008 Hypothetical protein 36836-36994 52 Hypothetical protein (52.94%) 
 Epi_00009 ABC-2 family transporter 
protein 
36994-37743 249 ABC transporter permease 
(55.66%) 
 Epi_00010 ABC transporter ATP-binding 
protein 
37727-38599 290 ABC transporter ATP-binding 
protein (62.46%) 
Hyp Epi_00011 Hypothetical protein 39064-39408 114 ParA family protein (78.95%) 
Hyp Epi_00012 Hypothetical protein 39393-40166 257 Hypothetical protein (92.22%) 








Coordinates Protein size 
(bp) 
Blast homology (%) 
Hyp Epi_00014 Hypothetical protein 40563-40826 87 Hypothetical protein (98.85%) 
Hyp Epi_00015 Hypothetical protein 41622-41768 48 Hypothetical protein (86.05%) 
 Epi_00016 PemK-like family protein 42153-42485 81 MazF anti-toxin (93.83%) 
 Epi_00017 Growth regulator 42482-42727 228 Hypothetical protein (85%) 
 Epi_00018 Malate dehydrogenase; 
Provisional 
43010-43237 75 Malate dehydrogenase; 
Provisional (82.54%) 
 Epi_00019 Putative site-specific 
recombinase 
43742-44299 185 Recombinase family protein 
(98.90%) 
Hyp Epi_00020 Hypothetical protein 45161-45361 66 Plasmid replication-associated 
protein (93.48%) 
 Epi_00021 ParA family protein 
 
45361-46161 266 ParA family protein (93.61%)  
repA Epi_00022 Replication protein 46819-48177 452 Replication protein (69.64%) 
Hyp Epi_00023 Hypothetical protein 48810-49016 68 LPXTG cell wall anchor 
domain-containing                      
protein (35%) 
Hyp Epi_00024 Hypothetical protein 49171-49476 101 Hypothetical protein (51.55%) 
Psf-1 Epi_00025 4'-phosphopantetheinyl 
transferase 
51992-52717 241 4'-phosphopantetheinyl 
transferase (36.48%) 
 Epi_00026 Thioesterase subunit 52731-53417 228 Thioesterase (48.23%) 
   Epi_00027 Multidrug ABC transporter 
ATPase 









































































































































































































BlaR1	 Epi_02461	 Regulatory	protein	 12223-	12702	 427	 Regulatory	protein	BlaR1	(100%)	
	
BlaI	 Epi_02463	 Regulatory	protein	 13969-	14349	 126	 Penicillinase	repressor	BlaI	
(99.21%)	
	














































Hyp	 Epi_02472	 Hypothetical	protein	 23-880	 285	 RepB	family	plasmid	replication	
initiator	(100%)	



















































Rep	 Epi_02480	 Replication	protein	 767-	1633	 288	 RepB	family	plasmid	replication	
initiator	protein	(99.65%)	




Hyp	 Epi_02483	 Hypothetical	protein	 4568-	4987	 139	 Hypothetical	protein	(98.56%)	
Mob_pre	 Epi_02484	 Plasmid	recombination	enzyme	 5442-	6650	 426	 Recombination	(98.76%)	
















2.1,	chapter	2)	and	S.	epidermidis	 strains	(Appendix	Table	A1)	were	 tested	 for	
antimicrobial	activity	towards	S.	aureus	SH1000.	Species	were	tested	against	S.	
aureus	 parental	wild-type	 and	evolved	 strain	 SHG01	using	deferred	 inhibition	




Bacillus	 species	 that	 inhibited	SH1000,	 indicating	 that	 this	may	have	a	 similar	
inhibition	 activity	 as	 S.	 epidermidis	 B155	 Fig	 4.6.	 Sequencing	 of	 16S	 rDNA	
identified	the	species	as	Bacillus	flexus,	which	appears	poorly	studied	relative	to	
the	 many	 species	 screened	 for	 antimicrobial	 activity.	 	 S.	 aureus	 SH1000	 was	
growth	inhibited	by	the	B.	flexus	B003	revealing	a	small,	reproducible	inhibition	
zone	 of	 2.50	 ±	 0.5	 mm,	 n=6.	 The	 S.	 aureus	 evolved	 SHG01	 strain	 showed	 no	
inhibition	zone,	which	represents	a	significant	difference	between	the	two	strains	
(t.test,	P	<	0.05)	Fig	4.7.		






























produced	 by	 Bacillus	 flexus	 B003	 compared	 with	 WT.	 Agar	 overlay	 assay	 was	












































































the	 annotated	 genome	 that	 were	 observed	 are	 presented	 in	 (Table	 4.9).	 The	
complete	 genome	 of	 Bacillus	 flexus	 B003	 was	 obtained	 as	 individual	












































Secondary	metabolite	 biosynthetic	 gene	 clusters	 (BGCs)	 found	 in	 both	 the	 	 S.	
epidermidis	 B155	 and	 B.	 flexus	 B003	 genomes	 were	 predicted	 by	 using	
AntiSMASH	 4.0.2.	 The	 output	 annotation	 identified	 3	 candidate	 gene	 clusters	
related	to	secondary	metabolite	production	in	S.	epidermidis	B155	(Table	4.10).	
Cluster	 1	 includes	 siderophore	 biosynthesis	 activity,	 which	 showed	 100%	
similarity	 with	 the	 genes	 responsible	 for	 producing	 the	 natural	 product	








on	 the	prediction	of	 antiSMASH.	Alternatively,	 searching	 the	 core	biosynthetic	







Species B. flexus 
Isolate ID B003 









Ribosomal	 Peptide	 Synthetase	 (NRPS)	 and	 trans-Acyl	 Transferase	 Polyketide	
Synthetase	 (NRPS-TransATPKS)	 gene	 cluster.	 Remarkably,	 this	 cluster	 shared	
around	75%	to	81%	sequence	similarity	to	gene	clusters	found	in	Streptococcus	
mutans	 strains	 (Fig	 4.8).	 Based	 on	 the	 MIBiG	 database	 it	 showed	 a	 very	 low	
















AntiSMASH	 uses	 profile	 hidden	 Markov	 models	 (profile	 HMM)	 for	 identification.	































Figure	 4.8	Alignment	 of	 the	 biosynthetic	 gene	 cluster	 of	 the	S.	 epidermidis	 B155	
NRPS-TransATPKS	 to	 clusters	 present	 in	 the	 genome	 sequences	 of	 Streptococcus	
mutans	strains	using	AntiSMASH	4.0.		
Figure	4.9	The	activity	domain	pattern	identified	in	cluster	3	of	a	Transaptks-NRPS	
found	 in	 S.	 epidermidis	 B155	 genome	 contig2.	 A	 adenylation;	 C	 condensation;	 E	
epimerisation;	 PCP	 peptidyl	 carrier	 protein;	 AT	 acyltransferase;	 KR	 ketoreductase;	 KS	






The	 B.	 flexus	 B003	 genome	 was	 similarly	 annotated	 by	 antiSMASH	 and	 the	
analysis	 of	 gene	 clusters	 revealed	 that	 the	 genome	 encodes	 5	 relevant	 gene	
clusters	 and	 all	 of	 these	 are	 located	 on	 contig	 1,	 the	 main	 chromosome.	 The	
clusters	 include:	one	PKS	 (type	 III),	 one	 siderophore	and	 two	 terpenes	 (Table	
4.11).	 Of	 these,	 cluster	 1	 contains	 genes	 encoding	 linear	 azol(in)e-containing	
peptides	 (LAP)	 that	 has	 91	 %	 similarity	 with	 plantazolicin/plantathiazolicin	
biosynthesis	pathway	 (Table	4.11).	 	Plantazolicin	 is	 a	 ribosomally	 synthesised	
and	post-translationally	modified	peptide	(RiPP)	natural	product	(Molohon	et	al.,	
2016).	 This	 gene	 cluster	 is	 closely	 related	 to	 the	B.	 amyloliquefaciens	 (100	%	
similarity)	which	 is	known	to	produce	plantazolicin	 	 (Dunlap	 et	al.,	2015)	and	








terpene	 natural	 product,	 hopene.	 Cluster	 5	 contains	 genes	 that	 encode	
siderophore	 that	 shares	37%	similarity	with	 the	genes	 encoding	acinetoferrin	
synthesis	of	Acinetobacter	haemolyticus	 (Table	4.11).	 	Overall,	 the	presence	of	
these	 gene	 clusters	 shows	 that	 the	 B.	 flexus	 B003	 strain	 has	 the	 potential	 to	






















AntiSMASH	 uses	 profile	 hidden	 Markov	 models	 (profile	 HMM)	 for	 identification.	






























Figure	 4.10	 Alignment	 of	 biosynthetic	 gene	 clusters	 of	 linear	 azol(in)e-



































In	 the	 previous	 chapter,	 it	was	 found	 that	 S.	 aureus	 evolved	 resistance	 under	
selective	pressure	from	the	bioactive	agent	secreted	by	S.	epidermidis	B155.	The	
data	 revealed	 that	 S.	 aureus	 potentially	 used	 novel	 and	 multiple	 genetic	
mechanisms	to	compete	with	S.	epidermidis.	In	this	chapter,	the	S.	aureus	genetic	
determinants	 that	 enabled	 the	 resistance	 were	 interrogated.	 In	 addition,	 the	















gene	 at	 low	 temperatures	 that	 modifies	 membrane	 lipid	 saturation	 to	 adjust	





to	 S.	 aureus	 resistance	 because	 these	 SNPs	were	 present	 in	 S.	 aureus	 evolved	
strains	isolated	from	day	12,	day	13	and	day	15	compared	with	the	parent	WT	
and	a	SH1000	isolate	from	the	first	day	of	competition.	These	SNPs	in	the	TCS	








already	 characterised.	 There	 is	 potential	 precedent	 for	 an	 association	 with	
membrane	 fluidity	 regulation	 and	 antimicrobial	 resistance.	 	 In	 S.	 aureus,	
resistance	to	pediocin	produced	by	Pediococcus	pentosaceus	was	reported	to	be	
associated	 with	 increased	 membrane	 fluidity	 that	 inhibits	 the	 lantibiotic	
oligomerisation,	 preventing	 pore	 formation	 (Lather	 et	 al.,	 2015).	 The	 genetic	
basis	for	this	resistance	has	not	been	determined.	Resistance	to	aureocin	A70	was	
reported	 to	 potentially	 associated	 with	 changes	 in	 cell	 membrane	 lipid	
composition	 and	 cell	wall	 thickness	 (Ceotto	 et	 al.,	 2009).	 In	L.	monocytogenes	
resistance	to	class	II	bacteriocins	is	linked	to	modified	cell	membrane	fluidity	and	
cell	 surface	 charge	 (Ceotto	 et	 al.,	 2009).	 The	 S.	 aureus	 DesKR	 gene	 operon	




reported	 that	 cardiolipin	 (CL)	 was	 associated	 with	 resistance	 to	 antibiotics	
(Zhang	 et	 al.,	 2014).	 This	 result	 demands	 further	 experiments	 to	 identify	 the	
antimicrobial,	and	confirm	the	results	with	genetic	linkage	studies	in	S.	aureus.	In	








SHG01,	 acyl	 carrier	 protein	 (ACP)	 reductase	 integral	 to	-enoyl	encodes	which
fatty	acid	biosynthesis	(Grandgirard	et	al.,	2015).	Inhibition	of	the	biosynthetic	
pathway	 of	 type	 II	 fatty	 acid	 that	 is	 responsible	 for	 de	 novo	 production	 of	









dependent	trans-2-enoyl-ACP	reductase	(FabI),	 which	 is	 known	 to	 play	 a	 key	
regulatory	 role	 in	 this	 pathway	 (Heath	 and	Rock,	 1995;	 Xu	 et	 al.,	 2008).	 This	
enzyme	 is	 highly	 conserved	 across	 several	 pathogenic	 bacteria	 but	
S.	aureus	enoyl-ACP	 reductase	is	 the	 only	 known	 FabI	with	 a	 clear	 preference	
for	NADPH	(Heath	et	al.,	2000;	Priyadarshi	et	al.,	2010).	In	E.	coli	and	S.	aureus	
this	enzyme	was	identified	as	an	antimicrobial	target	(Payne	et	al.,	2002).	Of	note,	
the	 antimicrobial	 producing	 S.	 epidermidis	 155	 has	 an	 additional	 plasmid-
encoded	 copy	 of	 fabI	 (section	 4.2).	 	 How	 this	 relates	 to	 production	 and	 self-
resistance	is	unclear.		Reports	revealed	that	in	S.	aureus,	increased	expression	of	
fabI	due	 to	 upstream	 polymorphisms	 and	 point	mutations	 in	 the	 gene	 confer	
resistance	to	triclosan	and	diazoborine,	indicating	that	fabI	is	the	cellular	target	
for	 these	 antimicrobials	 (Grandgirard	 et	 al.,	 2015).	 	 Recently,	 AFN-1252	 was	
reported	as	a	novel	inhibitor	of	the	fatty	acid	biosynthesis	pathway,	specifically	
inhibiting	the	essential	staphylococcal	FabI	enoyl-ACP	reductase	(Hafkin	et	al.,	




B155	 antimicrobial	 are	 not	 those	 known	 TCS	mechanisms	 (i.e.	 GraSR,	 BraSR,	
VraSR,	WalKR)	we	predicted	that	the	antimicrobial	produced	by	S.	epidermidis	
B155	is	unique	among	the	antimicrobials	secreted	by	staphylococci,	particulary	





improve	 its	assembly	and	help	 to	 find	 the	genomic	basis	 for	 the	antimicrobial	





which	 was	 developed	 by	 Chin	 et	 al.,	 2013	 who	 concluded	 that	 assembling	 a	
complete	genome	using	only	long	SMRT	sequencing	reads	achieves	comparable	
or	 even	 higher	 performance	 compared	 with	 other	 sequencing	 platforms	




(Koren	 et	 al.,	 2012).	 Here	 the	 analysis	 of	 S.	 epidermidis	 B155	 generated	
excellent	de	novo	assembly	for	the	genome	with	size	2.6	Mb	into	six	contigs,	the	
largest	 representing	 the	 bacterial	 chromosome	 2,465,115	 bp	 and	 plasmids	 of	
59,987	bp	(pEPI155_2),	59,882	bp	(pEPI155_3),	24,173	bp	(pEPI155_4),	5,714	bp	
(pEPI155_5),	 and	 17,019	bp	 (pEPI155_6).	 The	 long-read	 complete	 sequence	
method	 using	 PacBio	 was	 performed	 previously	 for	 the	 S.	epidermidis	 ATCC	
12228	 genome	 (MacLea	 and	 Trachtenberg,	 2017).	 Assembly	 of	 its	 genome	
identified	 five	 plasmids	 and	 a	 slightly	 smaller	 chromosome	 was	 obtained	
compared	with	the	assembly	of	S.	epidermidis	ATCC	12228	using	Illumina	(Zhang	
et	 al.,	 2003).	 The	 high	 quality	 of	 genome	 sequence	 of	 S.	epidermidis	 strains	




4.4.3	Only	 single	SNP	 found	 in	S.	 epidermidis	B155	clones	 resulting	 from	
competition	with	S.	aureus		






sequence	 similarity	 with	 the	 extracellular	 matrix	 protein	 (EbhA)	 gene	 of	 S.	
epidermidis	ATCC	12228	strain,	revealed	by	Blastn.	It	was	uncertain	if	the	change	
in	 the	 S.	 epidermidis	B155	 genome	was	 a	 result	 of	 competition,	 however	 this	











S.	 aureus	(European	 Nucleotide	 Archive	 2016).	The	 most	 studied	 CoNS	 is	 S.	
epidermidis	regarding	 its	 pathogenicity	 and	 until	 now,	 21	 plasmids	 have	 been	
identified	(Argemi	et	al.,	2017).	The	second	most	studied	CoNS	in	terms	of	known	
plasmids	after	S.	epidermidis	are	S.	simulans	and	S.	haemolyticus	with	5	identified	
plasmids.	 Regarding	S.	 epidermidis,	 the	 transmission	 of	 MGE	 from	S.	
epidermidis	to	S.	 aureus	has	 been	 frequently	 described,	 however,	 no	 genetic	
material	has	been	reported	to	be	transferred	from	S.	aureus	to	CoNS	(Otto,	2009).	
Here,	we	identified	5	plasmids	in	S.	epidermdis	B155.	Importantly	for	the	study,	
plasmid	 pEPI155_2	 represents	 the	 largest	 extrachromosomal	 elements	 in	 S.	
epidermidis	 B155	 sequence	 and	 it	 carries	 a	~45.5-kb	 locus	 encoding	 proteins	
showing	 similarity	 to	 non-ribosomal	 peptide	 synthases	 (NRPS)/polyketide	
synthases	 (PKS)	 genes.	This	 family	of	 proteins	 are	 involved	 in	biosynthesis	 of	
several	 structurally	 variable	 secondary	 metabolites	 including	 toxins	 (e.g.	 the	
Pseudomonas	syringae	phytotoxin	syringomycin),	antibiotics	(e.g.	penicillin	and	
vancomycin)	and	siderophores	(e.g.		pyoverdine	and	yersiniabactin)	(De	Maayer	














preventing	 post-segregational	 killing	 (Van	 Melderen	 and	 De	 Bast,	 2009;	 Van	
Melderen,	2010).	Five	types	of	TA	systems	were	classified	based	on	the	antitoxin	
nature	and	the	mode	of	action	(Schuster	&	Bertram,	2013).	This	work	suggested	
that	 beside	 the	 role	 of	 TA	 systems	 in	 plasmid	 and	 mobile	 genetic	 element	
stabilisation,	 they	 can	 contribute	 to	 growth	 control,	 phage	defence,	 protective	
responses	 to	 adverse	 conditions,	 programmed	 cell	 death	 or	 cell	 arrest	 and	
formation	 of	 drug-tolerant	 persister	 cells	 (Nolle	 et	 al.,	 2013).	 The	 MazEF	 TA	
system	was	found	to	control	processes	beyond	pathogenicity	in	S.	aureus	(Zhu	et	
al.,	 2009).	 The	 antitoxin	 identified	 in	 plasmid	 pEPI155_3	 shows	 considerable	
similarity	with	 the	 type	 II	 toxin-antitoxin	 system	YefM	 family	 and	 the	 toxin	 is	
similar	to	YoeB	toxin.		The	TA	system	YefM/YoeB	is	located	in	the	chromosome	
or	 in	 some	plasmids	of	many	bacteria	 such	as	E.	 coli	 (Nieto	 et	al.,	2007).	 In	 S.	
aureus,	two	YoeB	homologues	of	the		E.	coli	yefM-yoeB	TA	system	were	identified	
with	 translation	 initiation	 inhibitor	 function.	 This	 system	 contributes	 	 to	 the	





on	 the	 plasmid	 pEPI155_4.	 Their	 translation	 products	 are	 very	 well-




heavy	 metal	 ions	 are	 often	 added	 as	 supplements	 to	 feed	 stocks	 to	 prevent	
gastrointestinal	 diseases	 in	 livestock	 as	 a	 result	 resistance	 to	 heavy	 metal	 is	
common	 among	 livestock-associated	 bacterial	 strains	 (Cavaco	 et	 al.,	 2010).	
Resistance	mechanisms	to	several	toxic	heavy	metals	have	evolved	within	many	








encoding	 resistance	 to	 zinc	 and	 cadmium	 in	 S.	 aureus	 was	 found	 genetically	
located	 within	 the	 type	 V	 SCCmec	 elements	 widespread	 among	 CC398	MRSA	
(Cavaco	et	al.,	2010).	Copper	resistance	genes	copZ	and	copA	were	also	encoded	
in	 pEPI155_4.	 It	 is	 common	 that	 the	 chromosome	 of	 S.	 aureus	 comprises	 a	
conserved	copper	resistance	operon	including	of	copA	and	copZ	genes	(Sitthisak	
et	al.,	2007).	While	copper	may	contribute	to	innate	immunity	via	enhancing	the	
bactericidal	 activity	 of	 of	 macrophages,	 copper	 resistance	 has	 been	 linked	 to	
virulence	 in	 many	 bacterial	 pathogens	 such	 as	 Streptococcus	 pneumoniae	





Based	 on	 the	 resistant	 phenotype	 of	 S.	 aureus	 clones	 that	 evolved	 after	
competition	 with	 S.	 epidermidis	 B155,	 ~150	 isolates	 of	 Staphylococcus	 and	
Bacilllus	 that	were	identified	as	antimicobial	producers	were	tested	to	identify	
any	that	inhibited	the	wild	type	but	not	the	evolved	S.	aureus	clones.	Among	those	
isolates	 tested,	 a	 single	Bacillus	 flexus	 strain	 (B003)	was	 found	with	 a	 similar	
inhibition	phenotype	as	S.	 epidermidis	B155	against	S.	 aureus	 and	 the	evolved	
clone	SHG01.	To	 test	whether	 there	was	a	 correlation	between	 	S.	 epidermidis	
B155	 and	B.	 flexus	B003	 in	 terms	 of	 their	 inhibitory	 activity,	 	 whole	 genome	
sequencing	 using	 PacBio	 was	 performed	 for	 the	 latter	 species	 after	 its	
identifcation	 using	 16S	 rDNA	 sequencing.	 To	 identify	 whether	 there	 was	
similarity	between	the	antimicrobials	secreted	by	both	S.	epidermidis	B155	and	
B.	 flexus	B003	 the	 antiSMASH	 tool	was	 first	 used.	AntiSMASH	has	become	 the	
standard	tool	to	analyse	bacterial	and	fungal	genomes	to	predict	the	production	
of		secondary	metabolites	including	(non-ribosomal	peptides,	polyketides	type	I,	
II	 and	 III,	 bacteriocins,	 lantipeptides,	 β-lactams,	 terpenes,	 siderophores,	
aminoglycosides/aminocyclitols,	 aminocoumarins,	 ectoines,	 indoles,	







et	 al.,	 2014).	 There	 were	 3	 co-located	 secondary	 metabolite	 gene	 clusters	
identified	 in	 the	S.	epidermidis	B155	genome,	one	encoding	NRPS-TransATPKS	
hybrid,	one	NRPS	and	one	siderophore.	The	NRPS-TransATPKS	cluster	shared	a	
very	 low	 similarity	 with	 clusters	 responsible	 for	 the	 synthesis	 of	 plipastatins	
(fengycins),	 bacillaene,	 surfactin,	 macrolactin,	 bacillibactin	 and	 iturins	
(bacillomycins).	 All	 of	 these	 metabolites	 are	 produced	 by	 Bacillus	 genus	 and	














product	 gene	 clusters	 including	 	NRPS,	 PKS,	 and	hybrid	PKS/NRPS	 (Liu	 et	 al.,	
















one	 linear	 azol(in)e-containing	 peptides	 (plantazolicin/plantathiazolicin),	 two	
terpene,	 one	T3pks	 and	one	 siderophore	 cluster.	 Plantazolicin	 is	 an	 antibiotic	
compound	 that	 has	 inhibitory	 activity	 against	 Gram-positive	 bacteria	 closely	
related	to	its	producer,	B.	amyloliquefaciens	inlcuding	human	patogens	(Scholz	et	
al.,	2011)	 (Molohon	 et	al.,	2016).	Notebly,	plantazolicin	was	 found	 to	alter	 the	
expresstion	 of	 DesKR	 TCS	 in	 B.	 anthracis,	 suggesting	 	 it	 has	 implications	 in	
bacterial	 cell	membrane	homeostasis	 (Molohon	 et	 al.,	 2016).	Genome	analysis	
revealed	the	presence	of	a	type	three	polyketide	(PKS	III)	cluster	which	is	also	
likely	 source	 of	 the	 inhibition	 trait	 associated	with	B.	 flexus	B003.	PKS	 III	 are	
secondary	metabolites,	originally	thought	to	be	found	only	in	plants	but	in	1999	
discovered	 in	 bacteria	 (Funa	 et	 al.,	 1999).	After	 then,	 the	 roles	 of	 this	 type	of		
secondary	 metabolite	 cluster	 were	 determined	 from	 several	 species	 ranging		
from	 those	 concerned	 with	 formation	 of	 pigment	 in	 Streptomyces	 griseus	 to	
phenolic	lipid	biosynthesis	associated	with	the	cell	membrane	of	dormant	cells	of	
Streptomyces	and	Azotobacter	vinelandii		(Yu	et	al.,	2012).	The	fact	that	PKS	III	are	
associated	 with	 lipids	 inserted	 into	 cell	 membranes	 the		lends	 support	 to
hypothesis	 that	 the	 mechanism	 is	 used	 by	 some	 bacteria	 for	 competitive	
inhibition.	To	confirm	this	theory	further	genetic	experiments	using	gene	knock	





inhibitory	mechanisms	are	expected	 to	be	closely	 related.	Both	species	 inhibit	
growth	of	S.	aureus	but	not	the	desKR	evolved	variant.	More	investigations	are	
needed	 to	 characterise	 the	 antimicrobial	 production	 in	 both	 species	 that	 will	











mechanisms	 and	 adaptations	to	 stressful	 environments	 including	 antibiotics,	
temperature,	 oxidative,	 pH	 and	 osmotic	 stressors	 (Singh	 et	 al.,	 2012).	 The	
adaptation	patterns	to	altered	environmental	conditions	are	controlled	by	signal	
transduction	 systems	 (TCS)	 (Cybulski	 et	 al.,	 2004;	 Eguchi	 and	 Utsumi,	 2008;	
Martín	and	de	Mendoza,	2013)	which	consist	of	a	sensory	histidine-kinase	and	a	
regulator	 that	 encodes	 a	 cognate	 response	 regulator	 (Cybulski	 et	 al.,	 2004;	
Mitrophanov	 and	 Groisman,	 2008).	 In	 S.	 aureus,	most	 of	 these	 TCS	 identified	
have	been	studied	extensively	 while	 the	 function	 of	 several	 remain	 poorly	
characterised.	Previous	reports	by	Kim	et	al.	(2016)	identified	that	a	member	of	





At	 low	 temperature,	 DesK	 senses	 decreased	 membrane	 fluidity	 which	
phosphorylates	 the	 response	 regulator	DesR	 leading	 to	 activation	 of	des	 gene	
transcription	that	encodes	acyl	lipid	desaturase	Δ5-Des.	Subsequently,	the	Δ5-Des	
enzyme	converts	 saturated	membrane	 fatty	acids	 into	unsaturated	 fatty	acids,	
which	increases	membrane	fluidity	(Fig.	5.1)	(Aguilar	et	al.,	2001;	Martín	and	de	
Mendoza,	 2013;	 Cybulski	 et	 al.,	 2015).	 Several	 biophysical	 lines	 of	 evidence	























(SNPs),	 in	 the	 desKR	 homologous	 operon	 of	 S.	 aureus	 SH1000,	 resulted	 from	
evolution	 of	 resistance	 to	 secreted	 antimicrobial	 of	 S.	 epidermidis	 B155.	
According	to	KEGG	databases	(Kyoto	Encyclopedia	of	Genes	and	Genomes)	the	
desKR	 operon	 consists	 of	 two	 upstream	 genes	 SAOUHSC_01311	 and	
SAOUHSC_01312	that	share	significant	homology	with	ABC	type	transport	system	
Figure	 5.1	 The	 B.	 subtilis	 DesKR	 system	 mediates	 regulation	 of	 membrane	
function	in	response	to	temperature	downshift.	Low	temperature	is	sensed	by	an	
integral	 membrane-associated	 DesK	 histidine	 kinase,	 which	 phosphorylates	 the	
response	regulator	DesR	to	activate	expression	of	the	acyl	lipid	desaturase	Δ5-Des.	
The	Δ5-Des	 converts	 saturated	 fatty	 acids	 into	unsaturated	 fatty	 acids	 to	promote	
membrane	 fluidity.	 DesK	 activation	 to	 the	 phosphatase	 state	 next	 occurs	 and	 the	









ATP-binding	 proteins	 (Fig.	 5.2).	 ABC	 transporters	 are	 importers	 of	 essential	
substrates,	 including	 organic	 and	 inorganic	 ions,	 amino	 acids,	 mono-	 and	
oligosaccharides,	 iron-siderophore,	 peptides,	 vitamins,	 polyamine	 cations	 and	
metals.	Their	transport	roles	can	also	be	that	of	exporters	via	secretion	of	diverse	
molecules,	 such	 as	 lipids,	 peptides,	 polysaccharides,	 hydrophobic	 drugs,	 and	
proteins,	including	toxins.	(Davidson	et	al.,	2008;	Wilkens,	2015).		A	possible role	
for	these	two	ABC	transporter	proteins	could	be	with	S.	aureus	resistance	to	the	
S.	 epidermidis	 B155	 antimicrobial.	 	 This	 scenario	 is	 similar	 to	 the	 ABC	
transporters	 adjacent	to	GraSR	TCS	 that	 are	upregulated	by	 the	TCS	 to	 export	
antimicrobial	peptides	(Yang	et	al.,	2012).	Furthermore,	a	cls1	(SAOUHSC_01310)	
gene	 encoding	 a	 cardiolipin	 synthase	 in	 a	 monocistronic	 operon	 is	 located	
upstream	of	the	desKR	locus	(Fig	5.2),	which	might	be	related	to	the	transporters.	
The	 cls1	 gene	 is	 positionally	 located	 upstream	 of	 desKR	 in	 staphylococci.	 	 At	
stationary	phase,	cardiolipin	represents	around	30%	of	cell	membrane	lipids	of	























































kinase	 (SAOUHSC_01313)	 and	 the	 putative	 ABC	 transporter	 SAOUHSC_01312	











































the	 restriction	 enzymes	 EcoRI/BamHI	 recognising	 PCR	 product	 ends.	
Subsequently,	this	digested	fragment	was	ligated	into	pMUTIN4	vector	(8610	bp)	
which	 also	 digested	with	EcoRI/BamHI.	 The	 resulting	 ligation	 reactions	were	
used	 to	 transform	E.	 coli	TOP10.	Ampicillin-resistant	 colonies	were	 identified,	
and	 plasmids	were	 purified	 and	 digested	with	 restriction	 enzymes	 EcoRI	 and	
BamHI.	 Identification	of	 correctly	 sized	 fragments	 indicated	 the	desired	allelic	
replacement	 plasmid	 was	 constructed	 successfully	 (Fig.	 5.4).	 These	 correctly	
cloned	plasmids	and	pMUTIN4,	which	served	as	a	control,	were	used	to	transform	
S.	aureus	RN4220.		Colonies	obtained	from	this	step	were	used	to	prepare	a	phage	
ϕ11	 lysate	 for	 transduction	 into	 the	 SH1000	 wild	 type	 strain.	 	 A	 single	

























to	 transform	 E.	 coli	 TOP10	 to	 select	 for	 the	 correct	 recombinant	 plasmid.	 	 Purified,	
correctly	cloned	plasmid	was	next	used	to	transform	S.	aureus	RN4220.	A	selected	clone	
was	used	 to	prepare	a	phage	ϕ	 11	 lysate	 to	 trasnduce	marked	SNP	desR	 to	S.	aureus	











































Illumina	 platform	 (chapter	 2,	 section	 2.9.1)	 and	 SNPs	 were	 obtained	 using	
method	described	in	chapter	2	(section	2.10).		S.	aureus	H001	was	compared	with	
Figure	5.4	Confirmation	of	recombinant	plasmid	by	restriction	enzyme	digest.	
(A)	 pMUTIN4+desR	 SNP	 plasmid	 (undigested	 control);	 (B)	 pMUTIN4+desR	 SNP	
plasmid	 digested	 with	 restriction	 enzymes	 BamHI	 and	 EcoRI.	 The	 upper	 band	











S.	 aureus	 SH1000	 wild-type	 and	 from	 this	 data	 analysis,	 S.	 aureus	 H001	 was	






including	 changes	 in	 genes:	 SAOUHSC_00039,	 SAOUHSC_00409	 that	 encode	
hypothetical	 proteins,	 hisF	 encoding	 multifunctional	 imidazole	 glycerol	
phosphate	 synthase	 subunit/phosphoribosyl-AMP	
cyclohydrolase/phosphoribosyl-ATP	 pyrophosphatase;	 and	 scrA	 encoding	PTS	
system	 sucrose-specific	 transporter	 subunit	 IIBC.	 A	 further	 six	 SNPs/INDELS	
were	 identified	 at	 chromosomal	 locations	 already	 observed	 in	 the	 SHG001	
evolved	 variant	 but	 in	 this	 instance	 the	 SNPs	 were	 called	 as	 upstream	 gene	
variants,	while	in	the	H001	strain	the	SNP	effect	was	frameshift	variants.	Despite	






2-thiouridylate)	 methyltransferase;	 cymR,	 encoding	 a	 global	 regulator	 of		
cysteine	 metabolism;	 and	 salA,	 which	 encodes	 an	 ATP-binding	 Mrp/Nbp35	
family	protein;	two	genes	(SAOUHSC_02473	and	SAOUHSC_02813)	are	located	in	
genes	 encoding	 hypothetical	 proteins	 at	 position	 2296653	 and	 2592011,	
respectively.	 	Since	 those	SNPs/INDELs	were	present	 in	common	between	 the	




strain	(SHG01),	 there	were	two	mutations	 identified	that	were	only	present	 in	
strain	H001;	 insertion	of	 two	A	nucleotides	 located	upstream	SAOUHSC_02297	













































Figure	 5.5	 S.	 aureus	 H001	 single	 SNP	 mutant	 strain	 displayed	
resistance	 to	 antimicrobial	 produced	 by	 S.	 epidermidis	 B155	
compared	 with	 WT.	 Deferred	 inhibition	 assays	 were	 performed	 by	
spotting	 overnight	 culture	 of	 S.	 epidermidis	 B155	 WT.	 Plates	 were	














































































































SAOUHSC_02661	 2446160	 ScrA	 Deletion	of	C	nucleotide	 Asn7fs	 Frameshift	variant	
SAOUHSC_03008	 2782815	
	






Gene	ID	 Position	 Gene	name	 Base	change	 Codon	change	 SNP	effect	
SAOUHSC_02297	 2134726	 	 Insertion	of	AA	nucleotides	 _	 Upstream	gene	variant	











wild	 type	 S.	 aureus	 SH1000,	 or	 either	 of	 the	 two	 desK::tet	 replacement	 and	
SAOUHSC_01312	 deletion	 mutant	 strains,	 which	 were	 constructed	 previously.		
Based	on	their	degree	of	inhibition,	a	score	of	clarity	was	recorded	and	the	mean	
values	of	 the	 zone	of	 inhibition	 calculated	 (Fig.	 5.7	 and	Fig.	 5.8).	The	putative	
















































































Inhibition was measured using the deferred growth inhibition assay, with mean 
values calculated from 18 plates (6 biological replicates). The data is displayed 
as mean ± standard deviation. 
 
 













































doubling	 time	 0.97	 h	 (P=0.02).	While	 the	 SAOUHSC_01312	 mutant	 apparently	
grew	 more	 than	 wild	 type	 at	 this	 higher	 temperature,	 the	 SAOUHSC_01312	
mutant	 exhibited	 a	 growth	 rate	 with	 doubling	 time	 (0.89	 h)	 with	 raised	
temperature	 (42°C)	 (doubling	 time	 0.91	 h)	 (P=0.22)	 (Fig	 5.9C;	 Table	 5.2)	






























































































S.	 aureus.	 Staphyloxanthin	 pigment	 production	 was	 assayed	 from	 overnight	
culture	 cells	 of	S.	 aureus	WT,	desK	 and	SAOUHSC_01312	mutants.	 Cells	 pellets	
were	 extracted	 using	 100%	 methanol	 (v/v)	 to	 recover	 pigment	 and	 their	
absorbance	was	measured	across	a	full	spectrum	of	light	wavelengths	using	an	
optical	spectrum	analyser	plate	reader,	with	scanning	at	1	nm	intervals	from	350	
nm	 to	 550	 nm.	 The	 desK	 and	 SAOUHSC_01312	 mutants	 showed	 reduced	
production	of	staphyloxanthin	pigment	compared	with	wild-type	S.	aureus.	This	
was	 clearly	 visualised	 by	 comparing	 cell	 pellets	 SAOUHSC_01312	 mutant	 that	
were	bright	yellow	and	desK	mutant	was	non-	pigmented	compared	with	their	
parent	 strain	which	was	 golden-yellow	 (Fig	 5.10	 A).	 The	 differences	 between	
wild-type	 and	 mutant	 strains	 were	 confirmed	 by	 absorbance	 measurements.	
Both	 mutants	 showed	 decreased	 staphyloxanthin	 absorbance	 spectrum	 from	
around	370	nm	to	500	nm	compared	to	parent	strain	(Fig	5.10	B).	The	S.	aureus	
wild	 type	 shows	 two	 absorbance	 maxima	 at	 449	 nm	 and	 447	 nm	 and	 these	
absorption	peaks	were	reduced	in	SAOUHSC_01312	mutant	and	absent	in	the	desK	

































































with	 its	 homologous	 TCS	 in	 B.	 subtilis.	 The	 encoding	 genes	 are	 collectively	
transcribed	 as	 an	 operon:	SAOUHSC_01311-01312-	desK-desR.	 	 In	 this	 chapter,	














frameshift	 mutation	 at	 amino	 acid	 102/141	 will	 prevent	 dimerisation	 of	 the	
regulator	via	its	C-terminus	and	likely	renders	the	protein	inactive	(Tanous	et	al.,	
2008;	 Ji	 et	 al.,	 2012).	 In	 S.	 aureus,	 the	 cymR	 mutant	 showed	 increased	
susceptibility	to	copper,	tellurite,	disulfide,	and	H2O2-induced	oxidative	stresses	
(Soutourina	 et	 al.,	 2010).	 Potentially,	 the	 single	 SNP	 mutant	 strain	 (H001)	
together	with	the	original	evolved	resistant	strains	have	a	similar	pattern	against	
oxidative	stresses.	Collectively,	cymR	and	the	other	identified	genes,	such	as	sbcC	













Howden	 et	 al.,	 2011	 when	mutations	 in	 the	 essential	 sensor	 histidine	 kinase	
(walK)	 gene	was	 introduced	 to	 a	 parent	 strain.	 This	 created	 a	 strain	with	 the	
desired	mutation	 in	walK	 but	 there	 were	 four	 additional	 SNPs	 upon	 genome	
sequencing	 (Howden	 et	 al.,	 2011).	 Because	 of	 the	 unexpected	 SNPs/INDELs	
identified	in	H001	strain	(desK	and	desR	are	not	essential)	it	would	complicate	
future	 interpretation	 of	 phenotypic	 results	 to	 use	 the	 strain	 for	 the	 original	
purposes	it	was	designed	for,	consequently	the	strain	was	not	used	for	further	
study.	These	data	also	indicate	that	it	is	unlikely	that	a	straightforward	single	SNP	






the	 antimicrobial-producing	 S.	 epidermidis	 B155.	 The	 data	 showed	 increased	
susceptibility	to	antimicrobial	of	both	mutants	in	comparison	with	the	wild	type.	
While	 there	 was	 no	 significant	 difference	 between	 the	 desK	 mutant	 and	
SAOUHSC_01312	 mutant	 there	 was	 a	 trend	 for	 the	 desK	 mutant	 to	 exhibit	 a	
diameter	 of	 inhibition	 zone	 that	 was	 greater.	 The	 results	 supported	 that	 the	
desKR	 locus	 contributes	 to	 S.	 aureus	 survival	 from	 antimicrobial(s).	 TCS	 of	
bacteria	are	viewed	as	credible	targets	for	the	development	of	novel	antibacterial	
agents	 (Worthington	 et	 al.,	 2013).	 The	 importance	 of	 ABC	 transporters	 for	
bacterial	 survival	 has	 been	 determined	 in	 several	 studies.	 In	 S.	 aureus,	
SAOUHSC_01311	 and	 SAOUHSC_01312	 were	 recently	 identified	 to	 be	 strongly	
expressed	 in	 response	 to	UM-C162	which	 has	 a	 role	 in	 inhibition	 of	S.	 aureus	
virulence	 factors,	 including	 biofilm	 formation.	 The	 induction	 of	 these	 two	
transporter	genes	were	proposed	to	be	related	to	transport	of	this	compound	in	
and	out	of	the	bacterial	cell	(Kong	et	al.,	2018).	The	transcription	of	the	braDE	






VraDE	 is	 associated	 with	 resistance	 but	 this	 ABC	 transporter	 resistance	
mechanism	is	proposed	to	be	an	ATP-driven	efflux	pump	(Popella	et	al.,	2016).	
The	GraSR	TCS	regulates	a	downstream	ABC-transporter-dependent	efflux	pump	
(VraFG	 )	 (Li	 et	 al.,	 2007;	Meehl	 et	 al.,	 2007).	VraFG	 transporter	 itself	was	not	
implicated	 directly	 in	 resistance,	 however	 instead	 it	 senses	 CAMPs	 by	
transferring	 signal	 to	 sensor	graS,	which	 causes	 activation	 of	graR-dependent	
transcription	 (Falord	 et	 al.,	 2012;	 Yang	 et	 al.,	 2012).	 In	 S.	 aureus,	 it	was	 also	














the	 operons	 encoding	 mechanisms	 responsible	 for	 antimicrobial	 resistance	
(Beier	and	Gross,	2006).	The	activation	mechanisms	may	depend	on	the	mode	of	
action	and	charge	or	structural	features	of	antimicrobial	and	whether	it	is	located	
in	 the	 membrane.	 Further	 experiments	 are	 needed	 to	 establish	 if	 there	 is	 a	
transporter	 sensing	mechanism	 and	 to	 uncover	 stimulus	 of	 specificity	 DesKR	
TCS.	 Broad	 testing	 could	 reveal	 stimulus	 acting	 antimicrobial	 compounds,	
including	antibiotics	and	 inhibitor-producing	 species	 isolated	 from	 the	human	
microbiome	 being	 tested	 on	 DesKR	 operon	mutant	 strains.	 Kim	 et	 al.	 (2016)	
identified	the	susceptibility	of	a	desR	(SAV1322)	mutant	of	S.	aureus	strain	Mu50,	
a	 vancomycin-intermediate	 resistant	 MRSA,	 to	 gentamicin,	 tetracyclines	 and	












at	 all	 temperatures	 with	 increased	 of	 doubling	 time.	 However,	 the	






increased	 temperature.	 Their	 data	 matches	 findings	 here,	 regarding	 reduced	
growth	rate	at	lower	and	higher	temperature,	but	is	inconsistent	with	the	SH1000	
desK	mutant	 data	 at	 37°C.	 These	 differences	might	 indicate	 that	 the	 observed	
phenotypes	of	the	response	regulator	mutant	could	be	highly	strain	specific	(Kim	




rate	 across	 all	 temperatures	 of	 the	 desK	 mutant	 was	 not	 observed	 with	 the	
SAOUHSC_01312	mutant	strain.		Given	the	small	regulon	of	the	DesR	TCS	(operons	
SAOUHSC_01311-01312-01313-01314	 and	 01315)	 an	 explanation	 for	 the	















that	 if	 the	 fluidity	 of	 the	 plasma	 membrane	 is	 decreased	 as	 result	 of	 high	
temperature,	DesK	is	activated	via	restricted	incorporation	of	low	melting	point,	
anteiso	fatty	acids	(branched	chain)	which	supports		the	idea	that	DesK	directly	
responds	 to	 the	 physical	 properties	 of	 the	 cell	 membrane	 rather	 than	 to	










after	 at	 the	 stationary	 growth	 phase	 (Hiraoka	 et	 al.,	 1993).	 Mutation	 of	 	 the	
cardiolipin	synthase	gene	can	lead		to	longer	generation	times,	low	viability,	and	
low	final	cell	density	(Nishijima	et	al.,	1988;	Hiraoka	et	al.,	1993).	In	S.	aureus,	it	
is	unclear	 if	 there	 is	a	relationship	between	expression	of	cardiolipin	synthase	
and	elevated	temperature.	Taking	into	consideration	the	positional	gene	location	
of	cls1	upstream	of	the	desKR	operon	in	S.	aureus,	cardiolipin	expression	might	be	
associated	 with	 membrane	 lipid	 composition	 and	 associated	 with	 normal	
homeostasis.	 Particular	 changes	 in	 lipids	 (exogenous	 or	 endogenous)	may	 be	
sensed	and/or	transported.	For	example,	the	ABC	transporter	SAOUHSC_01312	
could	sense	the	presence	of	a	higher	level	of	anionic	cardiolipin,	which	may	pose	
a	 negative	 feedback	 to	 indirectly	 control	 the	 synthesis	 of	 cardiolipin	 or	
compensatory	property	of	the	membrane	to	ensure	physiological	preferences	are	
maintained.	 It	 was	 suggested	 previously	 that	 temperature	 sensitivity	 is	




Therefore,	 it	 would	 be	 of	 interest	 to	 assess	 whether	 cls	mutant	 strains	 alter	
expression	of	the	DesKR	TCS.			
	
Analysis	 of	 pigmentation	 revealed	 that	 there	 was	 a	 decreased	 expression	 of	
staphyloxthin	in	both	desK	and	SAOUHSC_01312	mutant	strains	compared	with	
wild	 type.	 The	 staphyloxanthin	 spectral	 profile	 of	 S.	 aureus	 has	 absorption	
maxima	at	wavelengths	440nm,	462	nm	and	491	nm	(Liu	et	al.,	2005)	and	at	460	
nm	and	490	nm	in	S.	carnosus	(Pelz	et	al.,	2005).	These	three	peaks	were	observed	
in	 wild	 type	 and	 reduced	 absorption	 was	 revealed	 for	 these	 peaks	 in	 the	
SAOUHSC_01312	mutant	and	were	absent	in	the	desK	mutant.	These	reductions	
confirmed	diminished	staphyloxanthin	expression	in	both	mutant	strains.	From	
these	 results	 it	 can	 be	 predicted	 that	 DesKR	 has	 an	 indirectly	 regulates	
production	 of	 S.	 aureus	 pigment.	 	 Recently,	 it	 was	 proposed	 that	 the	 oxygen-
sensing	 and	 redox-signaling	 AirSR	 TCS	 modulates	 expression	 of	 the	
staphyloxanthin	 biosynthetic	 operon	 crtOPQMN,	 which	 alters	 antioxidant	
capability	 of	 the	 cell	 (Hall	 et	 al.,	 2016).	 Staphyloxanthin	 antioxidant	 activity	
provides	protection	from	attack	by	reactive	oxygen	species	(ROS)	and	phagocytic	
killing	 (Liu	 et	 al.,	 2005;	 Clauditz	 et	 al.,	 2006).	 The	 pigment	 also	 increases	
antimicrobial	fatty	acid	resistance	by	altering	the	rigidity	of	the	cell	membrane	
(Mishra	 et	 al.,	 2011).	 There	 is	 no	 clear	 link	 yet	 between	 the	 pigmentation	
reduction	of	the	SAOUHSC_01312	and	desK	mutants.		There	is	also	no	knowledge	




















and	 regulation	 in	 the	 research	 field	 of	 functional	 genomics.	 Over	 the	 last	 two	





(Mantione	 et	 al.,	 2014).	 Although	 experiments	 that	 are	 performed	 using	
microarrays	 are	 high	 throughput	 and	 considerably	 less	 expensive	 (Dong	 and	









is	 more	 commonly	 used	 for	 transcriptome	 studies	 as	 a	 replacement	 for	
microarray	technology	because	of	its	advanced	features,	such	as	a	high	technical	
reproducibility,	 the	 large	dynamic	 range,	and	a	 reference	 transcriptome	 is	not	
required	 (Van	Vliet,	 2009;	Wang	 et	 al.,	 2009)	 enabling	 novel	 sequences	 to	 be	
detected	(Howard	et	al.,	2013).	The	cost	of	RNA-Seq	is	more	expensive	compared	
with	microarray	therefore,	RNA-Seq	may	be	impractical	for	large	studies.(Zhao	



















and	 the	 identification	 of	 small	 non-coding	 RNAs	 (Beaume	 et	 al.,	 2010).	 The	























a	 gene	 is	 not	 differentially	 expressed	 between	 two	 treated	 samples	 after	
calculating	P	values	(Marioni	et	al.,	2008).	Typically	this	is	done	using	a	Fisher	





in	 DESeq2,	 Cuffdiff2	 and	 EdgeR	 based	 on	 a	 generalised	 linear	 model	 (GLM)	






































In	 addition,	 by	 comparing	 the	 transcriptome	 profile	 of	 a	 desK::tet	 allelic	
replacement	mutant,	the	effect	of	the	DesKR	TCS	activity	was	compared.		Finally,	
since	 the	 contribution	of	 the	ABC	 transporter	SAOUHSC_01312	 to	 the	 sensory	
input	 of	 the	 DesKR	 TCS	 is	 unclear,	 the	 SAOUHSC_01312	 ABC	mutant	 in-frame	






























SNP	 (SHG01)	 and	 SAOUHSC_01312	 mutants	 to	 characterise	 relative	 gene	
expression	profiles	between	these	strains.	Overnight	cultures	were	diluted	and	












A260/A230	 ratios	all	greater	 than	 the	 threshold	of	1.8	 (Table	6.1).	Furthermore,	
Qubit	 Fluorometric	 (Invitrogen)	 quantitation	 was	 used	 to	 determine	 the	
concentration	 of	 the	 RNA	 samples,	 which	 should	 be	 above	 the	 minimum	
threshold	concentration	of	30	ng	μl-1	with	a	yield	of	at	least	3	μg	(Table	6.1).	In	
addition	to	the	quality	and	the	quantity,	because	RNA	is	extremely	susceptible	to	
degradation,	 it	 was	 important	 to	 confirm	 that	 sufficiently	 intact	 RNA	 was	
obtained.	This	was	assessed	using	an	Agilent	bioanalyser	(Agilent	technologies)	


























































C1	 2.22	 2.10	 848	 16	 9.7	
C2	 2.18	 2.39	 551	 22	 9.6	
C3	 2.14	 2.36	 796	 10	 9.9	
	
Δ	desK	
D1	 2.15	 2.28	 1100	 10	 9.9	
D2	 2.18	 2.24	 928	 19	 9.8	




E1	 2.19	 2.23	 510	 15	 9.1	
E2	 2.20	 2.14	 888	 22	 9.8	
E3	 2.18	 2.15	 930	 12	 9.9	
	
Δ	01312	
T1	 2.19	 2.18	 601	 12	 9.4	
T2	 2.21	 2.46	 914	 10	 9.4	



























































Illumina	 HiSeq-2000.	 Following	 sequencing,	 reads	 were	 curated	 by	 adapter	
trimming,	filtering	and	bioinformatically	analysed	by	CGR.	Transcript	reads	were	
aligned	to	the	reference	genome	sequence	using	Tophat	version	2.1.0	(Langmead	
and	 Salzberg,	 2012).	 Tophat	 essentially	 uses	 Bowtie	 to	 align	 the	 reads;	 after	
aligning,	Tophat	takes	all	unmapped	reads	and	splits	them	into	shorter	segments	
which	are	then	realigned	with	Bowtie.	The	genome	reference	for	Staphylococcus	
aureus	 subsp	 aureus	NCTC	 8325	was	 downloaded	 from	 the	 Ensembl	 genome	
database	 in	FASTA	format.	The	overall	proportion	of	reads	alignment	to	the	S.	
aureus	reference	genome	attained	by	TopHat	ranged	between	94.44%	to	95.76%	





































Sample_1-C1	 48,915,876	 46,450,058	 94.96	 45,482,392	 92.98	
Sample_2-C2	 46,866,584	 44,262,221	 94.44	 43,156,650	 92.08	
Sample_3-C3	 50,038,222	 47,498,829	 94.93	 46,459,126	 92.85	
Sample_4-D1	 49,166,394	 46,832,819	 95.25	 45,770,680	 93.09	
Sample_5-D2	 52,323,064	 49,901,915	 95.37	 48,800,312	 93.27	
Sample_6-D3	 42,513,266	 40,290,930	 94.77	 39,302,756	 92.45	
Sample_7-E1	 54,181,262	 51,354,044	 94.78	 50,205,814	 92.66	
Sample_8-E2	 45,606,190	 43,222,430	 94.77	 42,248,890	 92.64	
Sample_9-E3	 52,200,086	 49,818,147	 95.44	 48,787,470	 93.46	
Sample_10-T1	 44,308,384	 42,335,953	 95.55	 41,392,298	 93.42	
Sample_11-T2	 43,311,856	 41,391,935	 95.57	 40,475,852	 93.45	












Following	 RNA-Seq	 reads	 alignment,	 the	 datasets	 were	 translated	 into	 a	





The	 raw	 count	 data	 were	 converted	 into	 FPKM	 (Fragments	 per	 Kilobase	 per	









poor	 or	 nonlinear	 intensity	 patterns,	 they	 were	 analysed	 using	 pairwise	
scatterplots.	 Normally,	 the	 differences	 between	 samples	 within	 groups	 are	
smaller	than	between	samples	from	different	groups.	The	plots	(Fig	6.2A,	B	and	
C)	shows	the	correlation	within	samples	for	group	wild	type,	desK	mutant	and	
evolved	 desR	 (SHG01)	 strain,	 the	 plots	 indicate	 a	 fairly	 good	 reproducibility	
within	 these	 groups.	 All	 points	 are	 aligned	 along	 the	 diagonal,	 but	 there	 is	 a	
greater	 dispersion	 at	 the	 bottom	 left,	 corresponding	 to	 a	 small	 number	 of	
fluctuations.	 A	 greater	 variance	 was	 observed	 in	 the	 relationship	 between	
SAOUHSC_01312	mutant	samples	(Fig	6.2D),	which	shows	as	points	further	from	
the	principal	diagonal,	compared	with	other	samples	(Fig	6.2A,	B	and	C).	Across	
















































correlations	 for	 each	 of	 the	 two	 groups.	 The	 remaining	 blocks	 represent	 the	
correlations	between	two	sample	groups.	From	these,	it	is	evident	that	broadly	
the	samples	show	a	good	correlation	within	their	group.	For	example,	samples	
from	group	 (E),	which	 represent	 the	evolved	desR	 (SHG01)	 strain,	were	quite	
similar	with	 of	correlationdegree		moderate .	The	desK	group	(D)	samples	are	also	
similar	to	each	other	with	equivalent	extent	of	similarity.	The	greatest	variation	
in	 correlation	 within	 and	 between	 samples	 was	 determined	 for	 the	




Figure	 6.3	 Correlation	 between	 and	 within	 sample	 groups.	 Heatmap	 illustrates	 the	
correlation	between	samples	compared	with	every	other	samples.	Red	colour	indicates	a	
close	correlation	while	dark	blue	colour	 indicates	a	more	distant	correlation	between	or	










respectively.	 Overall,	 the	 samples	 are	 closely	 correlated	 by	 PCA,	 with	 the	
exception	of	sample	11	from	SAOUHSC_01312	mutant	(T)	group.		Additionally,	it	














































Figure	 6.4	 Principle	 Component	 Plot	 (PCP)	 shows	 the	 relationship	 between	














found	 to	 be	 differential	 expressed	 between	 the	 wild	 type	 (C)	 group	 and	
SAOUHSC_01312	 mutant	 (T)	 meaning	 the	 latter	 had	 the	 higher	 number	 of	
expressed	genes	compared	with	the	two	other	groups,	desK	mutant	and	evolved	
desR	 (SHG01)	 strain.	 Among	 these	 identified	 DE	 genes	 of	 the	 SAOUHSC_01312	
mutant,	there	were	298	(56.97%)	up-regulated	genes	while	225	(43.02%)	genes	


















WT	(C)	Vs	Δ	desK	(D)	 308	 199	 109	
WT	(C)	Vs	Evolved	(E)	 5	 0	 5	
WT	(C)	Vs	Δ	01312	(T)	 523	 298	 225	










6.6)	 where	 Log2FC	 was	 plotted	 against	 log2CPM	 (counts	 per	 million	mapped	
reads).	The	DE	genes	were	coloured	as	red	dots	on	the	plot	while	those	are	not	
significantly	 different	were	 indicated	 by	 black	 dots.	 Significantly	 differentially	
expressed	 genes	 between	 the	 two	 groups	 were	 defined	 as	 those	 with	 FDR-
adjusted	 P-value	 <	 5%.	 Up-regulated	 transcripts	 were	 visualised	 as	 positive	





























Gene	 Ontology	 is	 an	 international	 standardised	 system	 used	 for	 functional	
classification	 of	 predicted	 genes.	 There	 are	 three	main	GO	 categories:	 cellular	
component,	 biological	process	 and	molecular	 function.	The	DE	genes	between	
wild	type	and	the	desK	mutant	and	between	wild	type	and	the	SAOUHSC_01312	
mutant	 were	 subjected	 to	 a	 GO	 enrichment	 analysis	 (Fig	 6.7	 and	 6.8).	 These	





In	 the	 desK	 mutant	 dataset,	 80%	 of	 the	 genes	 assigned	 to	 nitrate	 reductase	
complex	 were	 DE	 indicating	 a	 prominent	 pathway	 expression	 change.	
A B 
C D 
Figure	 6.6	 Differential	 gene	 expression	 plot.	 Each	 plot	 shows	 the	 log2FC	 against	
log2CPM	 values	 for	 all	 comparisons.	 (A)	 Wild	 type	 vs	 desR	 mutant	 (B)	 wild	 type	 vs	
SAOUHSC_01312	mutant	(C)	wild	type	vs	evolved	S.	aureus	(D)	desK	mutant	vs	evolved	desR	





Additionally,	 41.18%	assigned	 to	 cell	wall	 and	 8.31%	with	 plasma	membrane	





In	 comparison,	 the	 SAOUHSC_01312	 mutant	 dataset	 revealed	 the	 top	 three	
cellular	component	GO	terms	represented	by	their	proportion	of	DE	genes	were	
cell	 wall	 (52.95%),	 nitrate	 reductase	 complex	 (40%)	 and	 extracellular	 region	
(30.53%)	(Fig	6.8A).	Within	the	biological	process	GO	terms,	candidate	DE	genes	
were	associated	with	glycolytic	process	(83%),	glucose	metabolic	process	(50%)	
and	 cytolysis	 (41.7%)	 (Fig	 6.8B).	 Lipid	 binding	 (50%)	 and	 electron	 transfer	
activity	(46.67%)	were	the	main	molucular	functions	(6.8C).		
	
To	 determine	 the	 biological	 pathways	 activated	 in	 both	 the	 desK	 and	
SAOUHSC_01312	mutants,	 pathways	 enriched	 with	 DE	 genes	 were	 identified	
using	 tools	 of	 the	 KEGG	 database.	 In	 the	 desK	 mutant,	 the	 enriched	 KEGG	
pathways	 were	 identified	 as	 oxidative	 phosphorylation	 (100%)	 and	
glycolysis/gluconeogenesis	 (71.80%)	 (Fig	 6.8D).	 The	 same	 pathways	 were	




































cell wall organization (5%)
cell division (10.34%)
lipid metabolic process (14.29%)
oxidation-reduction process (14.29%)
carbohydrate metabolic process (11.11%)
gluconeogenesis (50%)
pathogenesis (15.95%)
peptidoglycan biosynthetic process (5%)




fatty acid biosynthetic process (7.70%)
transcription, DNA-templated (10.40%)
phosphorelay signal transduction system (22.22%)
response to stress (20%)





integral component of membrane (11%)
nitrate reductase complex (80%)
membrane (27.03%)
ATP-binding cassette (ABC) transporter complex (22.22%)
  extracellular region (22.11%)
  cell (16.67%)
ATP binding (12.62%)
electron transfer activity (53.33%)
iron ion binding (25%)
metal ion binding (11%)
ATPase activity (14.51%)
pyridoxal phosphate binding (19.51%)








DNA-binding transcription factor activity (10.47%)
  nucleic acid binding (7.14%)
  transmembrane transporter activity (10%)



























cell wall organization (20%)
cell division (31.03%)
lipid metabolic process (14.29%)
oxidation-reduction process (28.57%)
carbohydrate metabolic process (22.22%)
gluconeogenesis (37.50%)
pathogenesis (30.85%)
peptidoglycan biosynthetic process (22.22%)




fatty acid biosynthetic process (30.77%)
transcription, DNA-templated (15.20%)
teichoic acid biosynthetic process (25%)
phosphorelay signal transduction system (16.67%)
negative regulation of transcription, DNA-templated (27.27%)
response to stress (60%)





integral component of membrane (19%)
nitrate reductase complex (40%)
membrane (24.32%)
ATP-binding cassette (ABC) transporter complex (22.22%)
  extracellular region (30.53%)
  cell (25%)
coenzyme binding (22%)
ATP binding (18.45%)
electron transfer activity (46.67%)
lipid binding (50%)
metal ion binding (20%)
ATPase activity (30.65%)
pyridoxal phosphate binding (29.29%)








DNA-binding transcription factor activity (18.60%)
  nucleic acid binding (10.71%)
  transmembrane transporter activity (20%)






























Figure	 6.9	 Effect	 of	 desK	 deletion	 on	 the	 expression	 of	 central	 metabolic	
pathways.	DE	genes	affected	in	carbohydrate	metabolism	and	the	TCA	cycle	are	













evolved	 desR	 SNP	 strain	 include	 the	 four	 desKR	 operon	 genes:	 ABC	 transporter	
genes	SAOUHSC_01311	(11.24-fold)	and	SAOUHSC_01312	(26.17-fold),	the	histidine	
kinase	gene	desK	(17.39-fold),	and	response	regulator	desR	(74.54-fold).	In	addition,	
the	 second	 transcriptional	 unit	 was	 that	 encoding	 the	 hypothetical	 protein	
















Deletion	 of	 desK	 or	 SAOUHSC_01312	 genes	 dramatically	 altered	 expression	with	
hundreds	of	DE	genes	identified.	Gene	lists	were	annotated	and	grouped	for	function	
using	 Database	 for	 Annotation,	 Visualisation	 and	 Integrated	 Discovery	 (DAVID)	
(Table	6.4).	From	the	analysis,	it	was	observed	that	genes	associated	with	glycolysis	
and	pyruvate	metabolism	were	DE.	Glycolytic	genes	that	direct	the	conversion	of	
phosphorylated	 sugar	 to	pyruvate,	 including	pgm,	gapA	and	 pgk	exhibited	 lower	
Figure	6.10	Fold	change	expression	of	the	DesKR	regulon	in	evolved	desR	S.	
aureus	 (SHG01)	compared	with	wild	 type	S.	aureus	 SH1000.	Genes	were	up	
regulated	 in	 evolved	 S.	 aureus	 compared	 with	 wild	 type	 including	 the	 desKR	






















that	 encodes	 L-lactate	 dehydrogenase	 was	 downregulated	 in	 both	 the	 desK	 and	
SAOUHSC_01312	mutant	strains	(10.13	and	20.25-fold,	respectively).		
	




respectively,	 were	 downregulated	 in	 the	 desK	 mutant,	 while	 only	 sucD	 was	
downregulated	in	the	SAOUHSC_01312	mutant.	All	four	genes	sdhA,	sdhB,	sucC	and	
sucD	are	critical	 in	TCA	cycle	 function.	Genes	encoding	subunits	of	ATP	synthase	





The	desK	mutant	 showed	 significant	 downregulation	 of	 genes	 encoding	 proteins	
involved	 in	 nitrogen	 metabolism,	 including	 nitrate	 reductase	 (narG/narH/narI)	
(7.94,	5.03,	6.54-fold,	 respectively)	and	nitrite	reductase	 (nasD/nasE)	(29.04	and	
44.32,	 respectively)	while	 ureC	 encoding	 urease	 subunit	 C	 and	ureD/ureF	 genes	





aureus	 were	 observed	 to	 have	 different	 expression	 patterns	 between	 the	 two	
mutants.		Many	virulence	factors	were	upregulated	in	both	strains.	For	example,	the	
genes	encoding	several	cell	wall-associated	proteins:	including	Sdr	proteins	(sdrC	









the	 desK	 mutant	 while	 (hld)	 encoding	 δ-hemolysin	 was	 strongly	 downregulated	
(28.25-fold)	 in	 the	 SAOUHSC_01312	 transporter	 mutant.	 The	 expression	 of	 the	
serine	protease	genes	(splACED)	was	increased	in	both	mutants.		
 
Inactivation	 of	 desK	 or	 SAOUHSC_01312	 genes	 led	 to	 altered	 expression	 of	 key	
regulatory	 loci	 including	 agrA	 (downregulated	 in	 the	 desK	 mutant)	 and	 agrC	
(downregulated	 in	 SAOUHSC_01312	mutant).	 Transcription	of	 the	 regulator	 gene	
sarS,	was	up	regulated	(2.94-fold)	in	SAOUHSC_01312	mutant.	SarS	belongs	to	the	
SarA	protein	family	of	global	regulators	of	virulence	gene	expression	in	S.	aureus	
(Cheung	 et	 al.,	 2004).	 	 Furthermore,	 both	 desK	 and	 SAOUHSC_01312	 mutants	
showed	downregulated	DE	of	sarZ	(13.08-fold	and	15.24-fold,	respectively).	SarZ	is	
involved	in	the	regulation	of	several	virulence	genes,	particularly	exoproteins,	such	
as	 hemolysins	 and	 proteases	 (Ballal	 et	 al.,	 2009).	 Transcription	 of	 rot	 was	
upregulated	 in	 both	mutants;	 rot	 positively	 regulates	 sarS	 expression	 and	 genes	
encoding	cell	surface	adhesins	(sdrC,	clfB	and	spa).		
 
Genes	 involved	 in	 the	stress	response	showed	 lower	expression	 in	both	mutants	
compared	with	wild	type.	Methionine	sulfoxide	reductase	A	msrA1	which	provides	
protection	 against	 oxidative	 stress	 was	 downregulated	 in	 the	 SAOUHSC_01312	
transporter	 mutant.	 	 Genes	 encoding	 proteins	 conferring	 thermotolerance	 in	
bacteria,	 such	 as	 chaperone	 protein	 hchA	 and	 clpP	were	 downregulated	 in	 both	
mutants	while	clpX	was	downregulated	in	only	the	transporter	mutant.	Expression	














not	 reach	 the	 threshold	 for	 DE	 significance.	 However,	 the	 expression	 of	 genes	
predicated	 to	 play	 a	 role	 in	 fatty	 acid	 metabolism	 were	 downregulated	 in	 the	
SAOUHSC_01312	mutant	compared	with	wild	type,	including	(fabG,	fabH,	fabF	and	
acpP).	 	The	 SAOUHSC_01312	 mutant	 also	 showed	 increased	 expression	 of	 genes	
required	 for	 the	 transport,	 activation,	 and	 β-oxidation	 of	 long-chain	 fatty	 acids	
including	 fadB	 and	 fadE.	The	expression	of	glpD	 that	encodes	aerobic	glycerol	3-








was	 increased	 in	 the	 desK	 mutant.	 In	 contrast,	 cell	 divsion	 protein	 genes	 were	
downregulated	in	SAOUHSC_01312	mutant	including	divIB,	ftsZ	and	mraZ.	 
 
Several	 genes	 encoding	 proteins	 of	 amino	 acid	 production:	 leucine	 (leuD)	 and	
threonine	(thrC	and	ilvA2)	were	upregulated	in	both	mutants	compared	with	wild	
type,	while	those	for	arginine	biosynthesis	(argH	and	argG)	were	downregulated.		
With	 respect	 to	 histidine	 biosynthesis,	 the	 hisD	 gene	 encoding	 histidinol	




Transcripts	 encoding	 iron	 and	 haem	uptake	 functions	were	 upregulated	 in	 both	










to	be	 a	 consequence	of	multiple	 transcription	 activators	with	 altered	 expression	


























































fbaA	 fructose-bisphosphate	aldolase	 -1.07	 -1.31	
pykA	 pyruvate	kinase	 -1.00	 -1.33	
ldh1	 L-lactate	dehydrogenase	 -3.34	 -4.34	




tpiA	 triosephosphate	isomerase	 -1.75	 -1.67	
pfkA	 6-phosphofructokinase	 -0.84	 -1.00	
pgi	 glucose-6-phosphate	isomerase	 -0.87	 -0.66	




pgk	 phosphoglycerate	kinase	 -1.54	 -1.75	
fdhD	 formate	dehydrogenase	accessory	protein	 +1.05	 X	
glkA	 glucokinase	 X	 -1.08	












sucC	 succinyl-CoA	synthetase	subunit	beta	 -1.16	 -1.16	
sucD	 succinyl-CoA	synthetase	subunit	alpha	 X	 -0.98	
cydB	 cytochrome	d	ubiquinol	oxidase	subunit	II	 -1.28	 -1.28	
Ddh	 D-lactate	dehydrogenase	 -1.60	 -1.50	
pflB	 Formate	acetyltrasferase	 -0.81	 -1.33	
ald1	 alanine	dehydrogenase	 X	 +2.32	
qoxC	 cytochrome	c	oxidase	subunit	III	 -0.73	 X	
atpA	 F0F1	ATP	synthase	subunit	alpha		 -0.64	 -0.96	
atpB	 F0F1	ATP	synthase	subunit	B	 X	 -1.08	
atpD	 F0F1	ATP	synthase	subunit	beta	 X	 -1.01	
atpC	 F0F1	ATP	synthase	subunit	C	 X	 -1.24	







lukD	 leukotoxin	LukD	 +1.63	 X	
fnbB	 fibronectin	binding	protein	B	 +1.32	 +1.03	












sdrD	 fibrinogen-binding	protein	SdrD	 X	 +0.83	
fmtA	 methicillin	resistance	protein		 +1.28	 +0.83	
spa	 Immunoglobulin	G	binding	protein	A	 X	 +2.43	
clfA	 clumping	factor	 -0.89	 -1.62	
hld	 delta-hemolysin		 X	 -4.82	
hla	 alpha-hemolysin	 +1.19	 X	
eta	 exfoliative	toxin	A	 X	 +0.91	
splA	 serine	protease	 +2.66	 +2.45	
splC	 serine	protease	 +1.53	 +1.14	
splD	 serine	protease	 +1.70	 +1.72	









msrA1	 methionine	sulfoxide	reductase	A	 X	 -1.19	
hchA	 chaperone	protein	HchA	 -0.85	 -0.97	
cidC	 pyruvate	oxidase	 -0.47	 X	
cspB	 cold	shock	protein	 -1.04	 -1.40	
SAOUHSC_02670	 small	heat	shock	protein				Hsp20	 -5.09	 -4.86	
clpP	 ATP-dependent	 Clp	 protease	 proteolytic	
subunit	
-0.79	 -1.07	
clpX	 ATP-dependent	 protease	 ATP-binding	
subunit	ClpX	
-0.75	 X	
dps	 general	stress	protein	20U	 -0.81	 -0.93	
asp23	 alkaline	shock	protein	23	 -1.25	 -2.53	
uspA1	 universal	stress	protein	family	protein	 -0.73	 -1.88	






fabG	 3-oxoacyl-(acyl-carrier-protein)	reductase	 X	 -0.76	
fabH	 3-oxoacyl-ACP	synthase	III	 X	 -0.83	
fabF	 3-oxoacyl-	synthase	 X	 -0.81	
acpP	 acyl	carrier	protein	 X	 -0.91	
Cls1	 cardiolipin	synthetase	 +4.52	 	
SAOUHSC_02772	 short	chain	dehydrogenase	 -1.99	 -1.57	
fadB	 3-hydroxyacyl-CoA	dehydrogenase	 X	 +1.47	
fadD	 acyl-CoA	dehydrogenase	FadD-like	protein	 X	 +1.77	








SAOUHSC_01596	 short-chain	oxidoreductase	family	protein	 +1.21	 X	




glcB	 PTS	 system	 glucose-specific	 transporter	
subunit	II	ABC	
-1.20	 -0.85	
pmtA	 ABC	transporter	ATP-binding	protein	 +1.23	 +0.85	
cntB	 peptide	ABC	transporter	permease	 +1.07	 +1.30	
mntC	 ABC	transporter	substrate-binding	protein	 -1.02	 -1.15	
mntB	 manganese	ABC	transporter	permease	 -1.49	 -1.37	















cap1A	 capsular	 polysaccharide	 biosynthesis	
protein		
X	 +2.24	
cap5B	 capsular	 polysaccharide	 biosynthesis	
protein		
X	 +2.78	
cap8C	 capsular	 polysaccharide	 biosynthesis	
protein	
X	 +1.48	
cap5E	 capsular	 polysaccharide	 biosynthesis	
protein	
X	 +1.59	
cap5J	 capsular	 polysaccharide	 biosynthesis	
protein	
+1.11	 +1.20	
cap8F	 capsular	 polysaccharide	 biosynthesis	
protein	
X	 +1.52	
divIB	 cell	division	protein	 X	 -0.68	
ftsA	 cell	division	protein	FtsA	 X	 -0.92	
ftsZ	 cell	division	protein	FtsZ	 X	 -0.79	
mraZ	 cell	division	protein	MraZ	 X	 -1.11	
tagA	 teichoic	acid	biosynthesis	protein	 +0.82	 +1.29	











leuD	 3-isopropylmalate	 dehydratase	 small	
subunit	
+1.63	 +2.19	
ald1	 alanine	dehydrogenase	 X	 +2.31	
ilvA2	 threonine	dehydratase	 +1.29	 +1.62	
thrC	 threonine	synthase		 +1.76	 X	
argH	 argininosuccinate	lyase	 -1.26	 -1.53	





trpB	 tryptophan	synthase	subunit	beta	 X	 +1.07	
hisD	 histidinol	dehydrogenase	 X	 +1.87	
pyrB	 aspartate	 carbamoyltransferase	 catalytic	
subunit	
-2.01	 -1.44	
pyrC	 dihydroorotase	 -0.74	 -0.96	
metB	 trans-sulfuration	enzyme	family	protein	 X	 +1.08	
Nitrogen	
metabolism	
narG	 nitrate	reductase	subunit	alpha	 -2.99	 -2.56	
narH	 nitrate	reductase	subunit	beta	 -2.33	 X	









nasE	 assimilatory	 nitrite	 reductase	 [NAD(P)H]	
small	subunit	
-5.47	 -3.04	
nirR	 nitrite	reductase	transcriptional	regulator	 -2.15	 -1.65	
glnA	 glutamine	synthetase	 X	 -1.21	
arcC	 carbamate	kinase	 +1.08	 +0.93	
ureD	 urease	accessory	protein	 +0.82	 X	
ureC	 urease	subunit	alpha		 +1.05	 X	
ureF	 urease	accessory	protein		 +1.36	 X	








sigB	 RNA	polymerase	sigma	factor	 X	 -1.20	
sarS	 accessory	regulator-like	protein	sarS	 X	 +1.56	
sarZ	 transcriptional	regulator	 -3.71	 -3.93	
agrA	 accessory	gene	regulator	protein	A	 -0.74	 X	
agrC	 accessory	gene	regulator	protein	C	 X	 -1.02	
sarA	 accessory	regulator	A	 X	 +1.02	
SpoVG	 regulatory	protein	SpoVG	 -1.49	 -2.25	
rot	 virulence	factor	regulator	protein	 +1.26	 +1.28	
mgrA	 MarR	family	regulatory	protein	mgrA	 -1.06	 -1.11	
codY	 transcriptional	repressor	 X	 -1.19	
srrA	 DNA-binding	response	regulator	 -1.29	 -1.24	





pdhB	 pyruvate	 dehydrogenase	 complex,	 E1	
component	subunit	beta	
X	 -1.03	
		SAOUHSC_00699	 deoxyribodipyrimidine	photolyase	 X	 +1.02	
SbcD	 exonuclease	SbcD	 X	 +1.46	
SAOUHSC_01720	 Holliday	junction	resolvase-like	protein	 -0.93	 -1.05	
dinP	 DNA	polymerase	IV	 X	 +1.00	




rpsA	 30S	ribosomal	protein	S1	 -1.49	 -1.54	
rplN	 50S	ribosomal	protein	L14	 X	 -0.83	
rplO	 50S	ribosomal	protein	L15	 X	 -0.91	
rpmB	 50S	ribosomal	protein	L28	 X	 -0.86	
rplL	 50S	ribosomal	protein	L9	 X	 -0.70	
glyS	 glycyl-tRNA	synthetase	 -0.72	 -1.03	
serS	 seryl-tRNA	synthetase	 -0.84	 -0.83		
tyrS	 tyrosyl-tRNA	synthetase	 -0.77	 -0.84	
fusA	 elongation	factor	G	 X	 -0.89	




hemQ	 haem	peroxidase	 -0.66	 -1.14	




hmp	 globin	domain-containing	protein	 X	 -0.84	





















SAOUHSC_02426	 	 -1.20	 -1.05	
SAOUHSC_00941	 	 X	 +3.34	
SAOUHSC_01503	 	 +1.18	 +1.11	
SAOUHSC_00270	 	 +1.83	 +0.79	
SAOUHSC_01834	 	 -1.64	 -1.06	
SAOUHSC_A02856	 	 -2.70	 -2.69	









































the	reliability	of	sequencing	data	(Fig.	6.11	A&B).	 In	 the	desK	mutant,	 the	 fold	
level	change	in	expression	of	cls1	was	lower	in	qPCR	assays	compared	with	RNA-
seq,	while	isdA	was	slightly	higher	in	qPCR	(Fig.	6.11A).	In	contrast,	sarZ	showed	































































































antimicrobial	 secreted	by	S.	 epidermidis	B155,	 it	was	 considered	 important	 to	





Several	 RNA-Seq	 studies	 have	 revealed	 increased	 information	 content	 by	
depletion	of		ribosomal	RNA	to	improve	the	quantitation	of	mRNA	by	RNA-Seq	
technology	 (Westermann	 et	 al.,	 2012).	 Earlier	 bacterial	 transcriptome	 studies	
suggested	accurate	coverage	requires	a	minimum	of	2-5	million	reads	from	an	
rRNA-depleted	 library	 (Westermann	 et	 al.,	 2012).	 	 Furthermore,	 paired	 end	
sequencing	 is	 a	 powerful	 strategy	 that	 has	 enabled	 the	 characterisation	 and	
quantitation	 of	 bacterial	 transcriptomes	 with	 or	 without	 annotated	 genomes	





Biological	 replicates	 of	 the	 S.	 aureus	 samples	 in	 this	 study	 revealed	 a	 lower	
correlation	value	within	SAOUHSC_01312	mutant	group	samples,	which	could	be	
because	 biological	 variation	 from	 the	 library	 preparation	 process	 and	 the	
sequencing	 runs	 and	 usually	 biological	 variation	 are	 greater	 than	 technical	












genes	 SAOUHSC_01311	 and	 SAOUHSC_	 01312.	 	 In	 addition,	 the	 downstream	
monocistronic	 operon	 encoding	 the	 hypothetical	 protein	 SAOUHSC_01315.	




The	 importance	 of	 ABC	 transporters	 in	 conferring	 resistance	 to	 antimicrobial	
drugs	 has	 been	 demonstrated	 in	 multiple	 studies.	 For	 example,	 the	 ABC	
transporter	YxdLM	was	greatly	induced	by	the	presence	of	human	cathelicidin	
LL-37	in	B.	subtilis	controlled	by	the	YxdJK	TCS	system	(Pietiäinen	et	al.,	2005).	
Additionally,	 expression	 of	 the	ABC	 transporter	 VraDE	was	 the	most	 strongly	
induced	 response	 of	 cells	 after	 treatment	 with	 α-helical	 CAMPs	 such	 as	
dermaseptin	 K4-S4	 and	 ovispirin-1	 (Pietiäinen	 et	 al.,	 2009).	 These	 outcomes	
revealed	 that	 antimicrobial	 peptides	 can	 be	 very	 specific	 at	 activating	 stress	
sensors	 and	 their	 activation	 mechanisms	 are	 based	 on	 charge	 or	 structural	
properties	of	 the	peptides	and	their	mechanism	of	action.	Massively	 increased	
expression	of	the	SAOUHSC_01311-01312-desK-desR	operon	in	the	desR	(SHG01)	
strain	 supports	 that	 the	 sensing	 mechanism	 is	 co-expressed	 with	 the	 ABC	
transport	genes	in	a	stimulus-independent	scenario.		Whether	this	coexpression	
is	 always	 dependent	 on	 the	 transport	 functions	 of	 SAOUHSC_01311-01312	
requires	further	experiments	but	provides	a	TCS-linked	mechanism	of	efflux	for	
toxic	compounds	or	accumulated	host	molecules.	These	results	provide	further	






of	 its	 benefits	 in	 genome-wide	 expression	 studies	 to	 reduce	 complexity	 and	
highlight	important	biological	processes	(Young	et	al.,	2010).		KEGG	enrichment	
analyses	were	also	performed	to	obtain	further	insights	of	the	biological	function	






pathways	 with	 modulated	 expression	 with	 different	 numbers	 of	 genes	 DE	 in	
prominent	 categories	of	 function.	There	were	also	 clear	differences	 indicating	
that	 abrogation	 of	 the	 activity	 via	 TCS	 or	 transporter	 was	 not	 evidently	
equivalent.	 	For	both	mutants,	nitrate	reductase	activity	and	cell	wall	 function	
were	 the	 major	 classes	 of	 cellular	 components	 that	 were	 DE.	 For	 moleculer	
functions,	electron	transfer	activity	represented	an	enriched	class	of	DE	genes	in	
the	 desK	 mutant	 while	 lipid	 binding	 was	 the	 most	 enriched	 pathway	 in	 the	
SAOUHSC_01312	 mutant.	 The	 main	 biological	 processes/KEGG	 pathways	 that	
showed	 consistency	 in	 term	 of	 major	 classes	 assigned	 belonged	 to	 the	




decreased	 expression	 of	 genes	 within	 major	 central	 metabolic	 pathways	 of	
oxidative	 energy	 production,	 including	 glycolysis,	 gluconeogenesis	 and	 TCA	
cycle.	The	downregulation	of	genes	associated	with	carbohydrate	metabolism,	
most	 likely	glucose,	and	energy	production.	This	decreased	S.	aureus	oxidative	







Kim	 et	 al.	 who	 reported	 that	 lower	 expression	 of	 genes	 involved	 in	 energy-
providing	pathways	in	a	desR	mutant	of	S.	aureus	Mu50,	supporting	a	reduced	
oxidative	energy	efficient	generating	strain	compared	with	its	parent	(Kim	et	al.,	
2016).	 In	 addition	 to	 oxidative	 metabolism	 gene	 repression,	 genes	 encoding	
proteins	 of	 anaerobic	 energy	 production	 and	 fermentation,	 including	 lactate	
dehydrogenase	 ldh1,	 were	 found	 to	 be	 highly	 downregulated.	 Lactate	





is	 important	 during	 nitrosative	 stress	 caused	 by	 activated	 phagocytes	 and	 is	
essential	 for	 virulence	 (Richardson	 et	 al.,	 2008).	 	 The	 earlier	 study	 of	 Mu50	
showed	that	the	lactate	dehydrogenase	protein	level	was	lower	in	a	desR	mutant	
relative	 to	 parent	 strain.	 This	 decreased	 activity	 may	 explain	 why	 the	 desR	
mutant	has	reduced	virulence,	owing	to	reduced	survival	from	the	radical	nitric	





The	 likelihood	 of	 alternative	 pathways	 for	 energy	 production	 is	 supported	
further.		S.	aureus	senses	the	availability	of	oxygen	and	can	adapt	to	a	dynamic	
host	environment	with	oxygen	limitations	by	employing	nitrate	respiration	with	
nitrate	 as	 the	 terminal	 electron	 acceptor	 (Burke	 and	 Lascelles,	 1975).	 The	
nasDE/narGHI	genes,	encoding	the	nitrite/nitrate	assimilation	system	and	nirR	
encoding	 nitrite	 reductase	 transcriptional	 regulator	 were	 markedly	
downregulated	 in	both	mutants,	particularly	 the	desK	mutant.	Genes	encoding	
urease	 (ureDCF)	 and	 carbamate	 kinase	 (arcC)	 were	 up	 regulated	 in	 the	 desK	
mutant,	 which	 may	 assist	 production	 of	 energy	 and	 ammonia	 to	 counteract	
reduced	pH.	Nitrate	is	an	important	nitrogen	source	for	many	bacteria.	During	
aerobic	growth,	bacteria	can	use	nitrate	and	nitrite	as	the	sole	nitrogen	source.	
Nitrate	 is	 converted	 through	nitrite	 to	ammonium	by	assimilatory	nitrate	and	














the	 higher	 expression	 of	 fnbB,	 encoding	 fibronectin	 binding	 protein	 and	 sdrC	
encoding	 fibrinogen-binding	protein	 (Chien	 et	al.,	1999;	Dunman	 et	al.,	2001).	
SarZ	 activates	mgrA	 (SarA	 family	 protein)	 transcription	 and	 the	 agr	 RNAIII	
molecule	and	deletion	of	sarZ	in	S.	aureus	increases	transcription	of	spa,	encoding	
surface	protein	A	(Tamber	and	Cheung,	2009).		In	the	study	here,	sarZ	and	mgrA	
transcription	 was	 significantly	 downregulated	 in	 both	 the	 desK	 and	
SAOUHSC_01312	mutants,	which	may	have	produced	increased	transcription	of	
spa,	 in	 the	SAOUHSC_01312	mutant.	 SarS	 is	 a	 250-residue	 SarA-family	protein	



























disruption	 of	desK	 gene	 indirectly	 affected	 cardiolipin	 synthase	 expression	 in	
response	 to	 stress	 from	 disrupted	 metabolism,	 where	 temperature	 was	




involved	 in	 the	 assembly	 of	 important	 cellular	 components	 in	 the	 bacteria	
including	lipopolysaccharides,	lipoproteins,	phospholipids,	mycolic	acids	and	the	
cell	 envelope	 (Park	 et	 al.,	 2007).	 The	 reduced	 gene	 transcription	 of	 these	




of	 solutes,	 passive	 transport	 of	 hydrophobic	 molecules	 	 and	 protein-protein	
interactions	 (Chung	 et	 al.,	 2013).	 If	 this	 disruption	 occurred	 in	 the	
SAOUHSC_01312	 mutant,	 then	 any	 antimicrobial	 such	 as	 that	 produced	 by	 S.	








aureus	 in	 response	 to	 sapienic	 acid	 revealed	 that	 cell	 membrane	





Cold	 shock	 protein	 gene	 cspB	 was	 downregulated	 in	 both	 mutant	 strains	





proteins	 of	 S.	 aureus.	 	The	 loss	 of	 cold	 shock	protein	CspA	 can	decrease	 gene	





shock	 protein	Hsp20	was	 strongly	 downregulated	 in	 both	mutants	 compared	
with	 wild	 type.	 This	 gene	 is	 dirctly	 located	 downstream	 of	 sarZ	 which	 was	
downregulated	 and	may	 thereby	 affect	 the	 Hsp20	 gene.	Methionine	 sulfoxide	







compared	with	 wild	 type.	 However,	 their	 study	 revealed	 there	 was	 a	 lack	 of	
correlation	between	transcriptome	and	proteome	data		(Kim	et	al.,	2016).	Several	
stress	genes	showed	down	regulation,	such	as	hchA	encoding	chaperone	protein	
and	 clpP	 encoding	 ATP-dependent	 Clp	 protease	 proteolytic	 subunit.	 Clp	
proteases	play	 a	 key	 role	 in	 bacterial	 adaptation	 to	multiple	 stresses	 by	 their	
degradation	of	accumulated	misfolded	proteins	(Jenkins	et	al.,	2013).	ClpL,	which	
is	 involved	 in	 temperature	 tolerance	 is	 downregulated	 in	 a	 SarA	 mutant	
(Dunman	 et	 al.,	 2001).	 Downregulation	 of	 these	 genes	 may	 refer	 to	 stress	
response	genes	being	upregulated	in	stationary	phase,	while	in	log	phase	many	
ribosomal	proteins	are	abundantly	expressed	(Thompson	et	al.,	2003).	In	E.	coli,		




of	 S.	 aureus	 to	 the	 novel	 antimicrobial	 produced	 by	 S.	 epidermidis	 B155	 and	

















































Competition	 between	 microorganisms	 is	 often	 mediated	 through	 bioactive	
metabolites	 synthesised	 by	 bacteria.	 These	 secondary	 metabolites	 may	 be	
essential	 under	 competitive	 stress	 and	 for	 bacteria	 to	 persist	 stably	 in	 these	





negative	 staphylococcal	 (CoNS)	 isolates,	 particularly	 S.	 epidermidis	 and	 their	
ability	to	restrict	S.	aureus	growth.	The	screening	assay	described	here	allowed	
for	 rapid	 detection	 of	 secreted	 antimicrobials	 by	 these	 bacteria	 that	 may	 be	
important	for	competitive	interactions.	In	Chapter	three,	 it	was	identified	that	
many	 CoNS	 strains	 were	 able	 to	 inhibit	 the	 growth	 of	 S.	 aureus	 strains	
demonstrating	 potentially	 important	 roles	 of	 a	 broad	 range	 of	 staphylococcal	
species	 interactions	 in	 driving	 S.	 aureus	 distribution	 in	 human	 body.	 This	










to	 specific	 signals	known	as	competitor	 sensing	 (Cornforth	and	Foster,	2013).	
From	 the	 results	 here	 further	 research	 may	 make	 it	 possible	 to	 exploit	 the	






The	 primary	 aim	 of	 the	 research	 study	 was	 to	 experimentally	 test	 whether	
Staphylococcus	species	can	evolve	during	their	interaction	with	respect	to	either	
antimicrobial	 production	 or	 resistance	 and	 what	 range	 of	 molecular	 changes	
occur.	Due	to	the	frequent	cooccurrence	of	S.	aureus	and	S.	epidermidis	colonising	
the	 same	 human	 niches,	 these	 species	 may	 exhibit	 extensive	 inter-species	
interactions.	 	 The	 strain	 S.	 epidermidis	 B155	 that	 produces	 an	 unidentified	
inhibitor	and	S.	aureus	SH1000	strain	were	chosen	to	identify	the	possible	species	
interactions.	Both	species	were	cocultured	in	vitro	using	either	planktonic	liquid	
batch	 culture	or	 sessile	 culture	on	 agar	plates.	 	 Both	methods	 showed	 that	 at	
beginning	of	the	growth	experiments,	S.	aureus	had	a	reduction	in	its	population	
size	 relative	 to	 S.	 epidermidis	 B155	 producer	 strain	 which	 showed	 a	 greater	
fitness	suggesting	benefits	of	toxin	production.	This	could	support	the	idea	that	
induction	of	antibiotic	activity	is	occurring	as	is	reported	among	bacterial	species	
during	 interspecific	 interactions.	 	 Further	 experiments	 are	 required	 to	
investigate	if	this	occurs	in	this	scenario.	 	It	was	demonstrated	previously	that	
the	abundance	of	S.	aureus	causes	an	increase	in	S.	epidermidis	population	on	the	
skin	 through	 activation	 of	 the	 immune	 system	 and	 antimicrobial	 peptide	






resistant	clones	 to	emerge.	 	By	transferring	the	community	every	day	to	 fresh	
growth	medium,	it	was	found	that	S.	aureus	successfully	evolved	resistance	to	S.	




Within	 communities,	 S.	 aureus	 	 resistance	 emerges	 to	 several	 antibiotics	 by	







as	 fluoroquinolones	 and	 rifampin	 (Friedman	 et	 al.,	 2006).	Multiple	mutations,	
such	as	changes	 in	walKR,	vraSR,	rpoC	and	dlt	genes	are	required	to	achieve	a	
higher	 level	 of	 resistance	 to	 vancomycin	 and	 daptomycin	 resistance	 (Foster,	
2017).	To	capture	the	genetic	changes	accrued	in	both	S.	aureus	SH1000	and	S.	
epidermidis	 B155,	whole	 genome	 sequencing	was	 performed	 for	 both	 species	
selected	 from	 different	 days	 of	 the	 coculture	 (described	 in	 Chapter	 four).	















of	 B.	 subtilis.	 There	 are	 two	 conserved	 ABC-transporter	 genes	 yvfR	 and	 yvfS	














is	 still	 unknown	 and	 additional	 research	 is	 needed	 to	 elucidate	 underlying	
mechanisms.	 One	 possibility	 is	 that	 it	 might	 be	 associated	 with	 alteration	 of	
membrane	lipid	composition	or	its	membrane	homeostasis	since	DeskR	system	
is	 involved	 in	 controlling	 membrane	 fluidity	 in	 response	 to	 changes	 in	
environmental	 temperature	 in	 B.	 subtilis	 (Bredeston	 et	 al.,	 2011)	 and	 the	
membrane,	 together	 with	 peptidoglycan	 are	 important	 antimicrobial	 targets.	
Supporting	 this,	 a	SNP	was	 identified	upstream	of	 the	essential	 fabI	 gene	 that	
encodes	 the	enzyme	enoyl-acyl	carrier	protein	reductase,	which	 is	 involved	 in	
synthesis	of	fatty	acid.	Metabolism	of	type	II	fatty	acids	and	in	particular		FabI,	
are	 among	 the	 most	 highly	 investigated	 targets	 for	 development	 of	 new	
antimicrobial	compounds	(Furi	et	al.,	2016).	Previous	studies	identified	that	the	












it	was	 revealed	 that	 the	 cluster	 has	 around	75%	 to	 81%	 similarity	with	 gene	
clusters	found	in	Streptococcus	mutans.	One	possibility	is	that	this	plasmid	or	the	
NRPS/PKS	 biosynthetic	 gene	 cluster	 was	 horizontally	 acquired	 directly	 or	
indirectly	from	S.	mutans.	This	Streptococcus	is	mostly	isolated	from	the	human	
oral	 cavity	 (Krzyściak	 et	 al.,	 2014),	 and	 the	mitis	 group	 of	 streptococci	 are	
frequently	 isolated	 from	 skin	 (Gao	 et	 al.,	 2007).	 Consequently,	 it	 can	 be	
hypothesised	that	S.	aureus	DesKR	TCS	could	have	some	roles	in	resistance	to	S.	












oral	cavity	 identified	a	gene	cluster	 that	may	be	responsible	 for	mediating	the	
synthesis	of	an	antimicrobial	marinomycin-related	macrolide,	which	is	classified	
as	 a	 type	 of	 polyketide	 (PKs)(Donia	 et	 al.,	 2014).	 This	 highlights	





species	 isolated	 from	 skin	 or	 the	 anterior	 nares	 were	 tested	 with	 S.	 aureus	
evolved	strain	(SHG01)	to	identify	any	with	antimicrobials	that	cannot	inhibit	the	
evolved	desR	SNP	strain	(SHG01)	but	inhibited	the	parent	strain	SH1000.	SHG01	
strain	was	 found	 to	 be	 resistant	 to	 one	Bacillus	 isolate.	 Consequently,	 its	 16S	
rDNA	 sequence	 and	 then	 the	 whole	 genome	 of	 the	 isolate	 was	 sequenced	
identifying	Bacillus	 flexus.	After	 assembly,	 bioinformatic	 analysis	 revealed	 the	
genome	of	B.	 flexus	 included	a	polyketide	 type	 III	 cluster	and	 linear	azol(in)e-
containing	 peptides	 (LAP).	 Although	 the	 two	 molecular	 products	 of	 the	
respective	 gene	 clusters	of	B.	 flexus	and	 S.	 epidermidis	 B155	are	not	 identical,	
their	inhibitory	action	was	the	same	and	they	are	within	a	functionally	similar	
class	of	toxins.	Further	investigations	are	needed	to	identify	how	similar	the	two	
mechanisms	are.	Also	 the	 structure	 determination	 of	 these	 two	 antimicrobial	
will	need	to	be	obtained	by	nuclear	magnetic	resonance	(NMR)	spectroscopy.		
	







proposed	 to	 have	 arisen	 by	 subsequent	 selection.	 DesKR	 TCS	 operon	 as	 a	









antimicrobial	 and	 contribute	 to	 multidrug	 resistance.	 To	 date,	 up	 to	 ten	
multidrug	transporters	have	been	characterised	in	S.	aureus,	encoded	either	in	
the	chromosome	such	as		LmrS,	NorA,	NorB,	NorC,	SdrM,	MdeA	MepA,	Sav1866	
and	Tet38	 	or	 encoded	on	plasmids,	 including	 	TetA(K),	TetA(L),	QacA,	QacB,	
QacC,	QacJ,	and	QacG	(Costa	 et	al.,	2013;	Sapula	and	Brown,	2016).	NorA	and	
NorB	are	 the	most	 studied	multidrug	 transporter	 in	S.	aureus	 (Ubukata	 et	al.,	
1989;	 Yoshida	 et	 al.,	 1990).	 Both	 belong	 to	 the	 major	 facilitator	 transporter	
family	MFS	 and	 they	 confer	 resistance	 to	 a	wide	 range	 of	 chemically	 diverse	
compounds	(Costa	et	al.,	2013;	Sapula	and	Brown,	2016).	NorA	was	found	to	be	
mostly	expressed	on	the	membrane	of	the	bacterial	cell	and	shows	efflux	pump	
activity	 of	 hydrophilic	 compounds,	 such	 as	 quinolones	 and	 dyes	 including	
ethidium	bromide	(Andersen	et	al.,	2015).	Furthermore,	efflux	pump	FarE	of	the	
fatty	acid	resistance	system,	which		belongs	to	the	resistance-nodulation-division	



























desK	 and	 SAOUHSC_01312	 should	 be	 conducted	 to	 determine	 whether	
complemented	 strains	 would	 be	 able	 to	 restore	 the	 phenotype	 to	 the	 parent	
strain.		
	









problem	 for	 the	cell	 to	 incorporate	 into	 their	metabolism	due	 to	 their	specific	







S.	 aureus	 pathogenicity	 and	 persistence	 are	 associated	 with	 mechanisms	 of	
survival	 that	 involve	 structural,	metabolic,	 proteomic	and	genomic	 changes	 in	
response	 to	 temperature	 variation	 (Alreshidi	 and	 Dunstan,	 2013).	 Given	 the	
homology	of	the	putative	DesKR	TCS	with	the	archetypal	DesKR	of	B.	subtilis,	the	
growth	of	the	desK	mutant	and	SAOUHSC_01312	mutant	was	tested	at	different	
temperatures.	 The	 desK	 mutant	 showed	 defective	 growth	 at	 all	 temperatures	
compared	with	WT	meaning	the	desK	mutant	might	affect	a	key	cell	membrane	
property	such	as	fluidity,	which	could	explain	the	decrease	in	survival.	However,	
the	SAOUHSC_01312	mutant	 displayed	 similar	 growth	 in	 comparison	with	 the	
wild	type	at	each	temperature.		While	the	reason	of	this	observation	is	currently	
unknown,	it	will	be	necessary	to	integrate	the	function	of	SAOUHSC_01315,	where	
the	 function	 of	 this	 short	 integral	 membrane	 protein	 is	 unknown.	 	 The	 gene	
SAOUHSC_01315	is	convergently	transcribed	immediately	adjacent	and	appears	
to	be	the	fifth	of	5	genes	in	the	DesKR	regulon.		The	in-frame	deletion	mutant	of	
SAOUHSC_01312	 has	 the	 potential	 to	 retain	 expression	 of	 DesKR	 and	
SAOUHSC_01315	 but	 not	 functional	 activity	 of	 the	 ABC	 transporter	
SAOUHSC_01311-01312.	 	 The	 transporter	 might	 serve	 DesKR	 TCS	 to	 detect	
signals	 from	temperature	changes	or	may	serve	 to	 transport	a	key	membrane	
component,	be	that	a	normal	or	damaged	component	that	needs	to	be	removed.		
Due	to	the	adjacent	 location	of	the	cardiolipin	synthase	gene	cls1	to	the	desKR	
locus	 and	 its	 very	 high	 induction	 in	 the	 desK	 mutant	 cardiolipin	 might	 be	
implicated	directly	or	indirectly	in	the	central	role	of	the	TCS	or	might	reflect	its	
central	activity.		Cardiolipin	is	important	for	some	cellular	functions	under	high	
temperature	 and	 it	 facilitates	 oxidative	 phosphorylation,	 which	 results	 in	
bacterial	 resistance	 to	 environmental	 factors,	 including	 high	 temperatures	
(Schlame	et	al.,	2000).	Though	ultimately	this	should	be	investigated	in	several	












host	 defences,	 such	 as	 cationic	 peptides	 (Gaupp	 et	 al.,	 2012).	 Reductions	 in	
pigmentation	in	both	mutants	correspond	with	changes	to	the	ability	to	regulate	
function	in	membrane	properties	or	signalling	transduction	pathways,	involved	




analysis	was	 performed.	 The	 evolved	 strain	 (SHG01)	 showed	 the	 genes	most	
probably	 directly	 regulated	 by	 the	 DesKR	 TCS.	 	 Resistance	 to	 PKS/NRBS	
produced	by	S.	 epidermidis	B155	would	appear	 to	be	 solely	due	 to	 five	genes,	
comprising	 the	 SAOUHSC_01311-01312-desK-desR	 operon	 due	 to	 their	 highly	
upregulated	 transcript	 levels.	 	 In	 addition,	 the	 convergent	 SAOUHSC_01315	
monocistronic	operon	is	equally	highly	expressed	supporting	it	being	involved	in	
resistance	to	the	antimicrobial,	but	this	must	first	be	tested	experimentally.	 In	
contrast	 the	 transcriptome	 analysis	 for	 desK	 mutant	 and	 SAOUHSC_01312	
mutant,	although	relatively	similar	to	each	other,	revealed	hundreds	of	DE	genes	
compared	 with	 wild-type.	 	 The	 major	 pathways	 with	 differential	 expression	
common	 to	 both	 mutants	 related	 to	 carbohydrate	 and	 energy	 metabolism,	
transcription	 regulators,	 virulence	 genes	 and	 ribosomal	 proteins.	 Clear	
differences	between	desK	and	SAOUHSC_01312	mutants	was	evident	and	the	cls1	
gene	was	highly	upregulated	in	desK	mutant,	which	may	indicate	the	desKR	locus	
contributes	 to	 cardiolipin	 transportation	and	 its	 regulation	or	 that	 cardiolipin	
provides	a	solution	 to	 the	defect	caused	by	 inactivity	of	 the	DesKR	TCS.	Many	
transcriptional	regulators	are	affected	by	deletion	of	desK	and	SAOUHSC_01312	















In	 closing,	 S.	 aureus	 mutations	were	 identified	 in	 the	 two	 component	 system	
DesKR	indicating	that	this	bacterium	has	an	additional	mechanism	to	cope	with	
interspecific	competition.	Also	it	appears	that	an	important	genetic	determinant	
of	 resistance	 to	 S.	 epidermidis	 B155	 antimicrobial	 was	 identified	 here	 that	
provides	 resistance	 to	 a	 novel	 type	 of	 polyketide	 previously	 undescribed	 in	
staphylococci.	Because	of	increases	in	skin	diseases	and	taking	into	account	the	
resistance	 of	 skin	 pathogens,	 such	 as	 MRSA	 to	 conventional	 therapies,	 the	
primary	 goal	 from	 this	 and	 subsequent	 studies	 should	 be	 to	 search	 for	 new	
classes	of	 compounds	with	novel	 targets	 and	new	mechanisms	of	 action.	The	
identification	 of	 a	 novel	 antimicrobial	 in	 staphylococci	 and	 resistance	
mechanism	 in	S.	aureus	was	 truly	unexpected.	A	 framework	for	discovery	can	
subsequently	be	 applied	 and	expanded	 to	 study	various	bacterial	 interactions	
either	cooperative	or	competitive,	which	will	help	to	understand	the	composition	










microorganisms	 in	natural	 environments	 are	much	more	 complex	 and	 can	be	
different	 depending	 on	 the	 variable	 environmental	 conditions.	 Therefore,	








their	 natural	 environment,	 and	 may	 never	 reach	 growth	 inhibitory	
concentrations	 (Linares	 et	 al.,	 2006).	 Competition	methods	 used	 in	 this	work	
depend	on	CFU,	which	can	easily	reveal	a	difference	between	species,	thus	it	is	
required	 that	 populations	 can	 be	 discriminated	 depending	 on	 observation	 of	




that	 here	 is	 no	 single	 strain	 that	 will	 be	 representative	 of	 the	 entire	 diverse	
species.	However,	this	was	necessary	to	make	the	screening	of	a	large	number	of	
natural	 isolates	possible.	Despite	 the	study	 focus	on	the	naturally	antagonistic	
interactions	between	species,	the	lab	strain	SH1000	was	used	for	consistency	in	
competition	 experiments.	 Although	 SH1000	 is	 genetically	 well-defined	
(Horsburgh	et	al.,	2002),		more	work	will	certainly	be	needed	to	assess	whether	
S.	aureus	skin	isolates	have	properties	similar	to	SH1000	strain,	due	to		the	high	
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GO:0005737		 cytoplasm	 Cellular	Component	 366	 49	 78	
GO:0005829		 cytosol	 Cellular	Component	 157	 15	 29	
GO:0005886		 plasma	membrane	 Cellular	Component	 301	 25	 58	
GO:0005618		 cell	wall	 Cellular	Component	 17	 7	 9	
GO:0016021		 integral	component	of	membrane	 Cellular	Component	 837	 92	 159	
GO:0009325		 nitrate	reductase	complex	 Cellular	Component	 5	 4	 2	
GO:0016020		 membrane	 Cellular	Component	 37	 10	 9	
GO:0043190		 ATP-binding	cassette	(ABC)	transporter	complex	 Cellular	Component	 18	 4	 4	
GO:0005576	 extracellular	region	 Cellular	Component	 95	 21	 29	
GO:0005623	 cell	 Cellular	Component	 12	 2	 3	
GO:0055085		 transmembrane	transport	 Biological	Process	 59	 8	 13	
GO:0071555		 cell	wall	organization	 Biological	Process	 40	 2	 8	
GO:0051301		 cell	division	 Biological	Process	 29	 3	 9	
GO:0006629		 lipid	metabolic	process	 Biological	Process	 14	 2	 2	
GO:0055114	 oxidation-reduction	process	 Biological	Process	 7	 1	 2	
GO:0005975		 carbohydrate	metabolic	process	 Biological	Process	 27	 3	 6	
GO:0006094		 gluconeogenesis	 Biological	Process	 8	 4	 3	
GO:0009405		 pathogenesis	 Biological	Process	 94	 15	 29	
GO:0009252		 peptidoglycan	biosynthetic	process	 Biological	Process	 18	 1	 4	
GO:0006006		 glucose	metabolic	process	 Biological	Process	 10	 3	 5	
GO:0006096		 glycolytic	process	 Biological	Process	 12	 9	 10	
GO:0008152	 metabolic	process	 Biological	Process	 52	 5	 11	
GO:0007049		 cell	cycle	 Biological	Process	 26	 3	 8	
GO:0006633		 fatty	acid	biosynthetic	process	 Biological	Process	 13	 1	 4	
GO:0006351		 transcription,	DNA-templated	 Biological	Process	 125	 13	 19	
GO:0019350		 teichoic	acid	biosynthetic	process	 Biological	Process	 12	 0	 3	
GO:0000160		 phosphorelay	signal	transduction	system	 Biological	Process	 18	 4	 3	
GO:0045892		 negative	regulation	of	transcription,	DNA-templated	 Biological	Process	 11	 0	 3	










GO:0019835	 cytolysis	 Biological	Process	 12	 1	 5	
GO:0050662		 coenzyme	binding	 Molecular	Function	 18	 0	 4	
GO:0005524		 ATP	binding	 Molecular	Function	 309	 39	 57	
GO:0009055		 electron	transfer	activity	 Molecular	Function	 15	 8	 7	
GO:0005506	 iron	ion	binding	 Molecular	Function	 4	 1	 0	
GO:0008289		 lipid	binding	 Molecular	Function	 2	 0	 1	
GO:0046872		 metal	ion	binding	 Molecular	Function	 192	 22	 39	
GO:0016887		 ATPase	activity	 Molecular	Function	 62	 9	 19	
GO:0030170	 pyridoxal	phosphate	binding	 Molecular	Function	 41	 8	 12	
GO:0000287		 magnesium	ion	binding	 Molecular	Function	 38	 4	 11	
GO:0003677		 DNA	binding	 Molecular	Function	 202	 21	 28	
GO:0016740		 transferase	activity	 Molecular	Function	 22	 2	 5	
GO:0016491		 oxidoreductase	activity	 Molecular	Function	 51	 4	 9	
GO:0005215		 transporter	activity	 Molecular	Function	 35	 3	 4	
GO:0004803		 transposase	activity	 Molecular	Function	 10	 2	 2	
GO:0020037		 heme	binding	 Molecular	Function	 14	 5	 6	
GO:0000166		 nucleotide	binding	 Molecular	Function	 18	 3	 6	
GO:0003700		 DNA-binding	transcription	factor	activity	 Molecular	Function	 86	 9	 16	
GO:0003676	 nucleic	acid	binding	 Molecular	Function	 28	 2	 3	
GO:0022857	 transmembrane	transporter	activity	 Molecular	Function	 50	 5	 10	
GO:0016787	 hydrolase	activity	 Molecular	Function	 61	 2	 7	
 
 
 
 
